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PREFACE

This Engineering Design Handbook, Electrical Wire and Cable, contains basic
information and fundamental data in the design, usage, and development of wire and
cable used in Army materiel and systems. The handbook contains a wide variety of
useful information and quantitative facts as well as authoritative references helpful in
the design, development, usage, and maintenance, of wires and cables used in modemn
Army electronic and electrical systems. The information contained herein will enable
the systems engineer, technician, buying agency, and user, to meet the tactical and
technical needs of the Armed Forces.

The highly technical nature of today’s Army, together with the demands placed
upon it, have greatly enhanced the need for a wire and cable handbook of this scope.
Information which has been amassed through wide experiences of both manufacturer
and user has been systematically recorded so as to expedite the search for the
necessary technical data.

The objective of this handbook is to provide a practical guide to correct design of
equipment to meet the exacting transmission requirements of the many and varied
aspects of today’s electronic and electrical systems. The designer who considers the
proper technology of wire and cable design can alleviate many problems in proper
transmission and installation techniques, whereas, the designer who ignores this
technology can and does greatly multiply the problems.

This handbook contains information on the structure, application, usage, and
installation of most of the wires and cables utilized by the Army. Also included are a
glossary of terms; a listing of equations for quick reference; and an appendix which
presents the applicable Military Specifications, Standards, and Publications.

This handbook was prepared by International Telephone and Telegraph Corporation
Wire and Cable Division under subcontract to the Engineering Handbook Office of
Duke University, prime contractor to the Army Research Office—Durham for the
Engineering Handbook Series.

The Handbooks are readily available to all elements of AMC including personnel and
contractors having a need and/or requirement. The Army Materiel Command policy is
to release these Engineering Design Handbooks to other DOD activities and their
contractors, and other Government agencies in accordance with current Army
Regulation 70-31, dated 9 September 1966. Procedures for acquiring these Handbooks
follow:

a. Activities within AMC and other DOD agencies should direct their request on an
official form to:

Publications Distribution Branch
Letterkenny Army Depot

ATTN: AMXLE-ATD
Chambersburg, Pennsylvania 17201

xix
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b. Contractors who have Department of Defense contracts should submit their
request, through their contracting officer with proper justification, to the address
indicated in par. a.

c. Government agencies other than DOD having need for the Handbooks may
submit their request directly to the Letterkenny Army Depot, as indicated in par. a
above, or to:

Commanding General

U.S. Army Materiel Command
ATTN: AMCAD-PP
Washington, D. C. 20315

or

Director

Defense Documentation Center
ATTN: TCA

Cameron Station

Alexandria, Virginia 223 14

d. Industry not having a Government contract (this inchides Universities) must
forward their request to:

Commanding General

U. S. Army Materiel Command
ATTN: AMCRD-TV
Washington, D. C. 20315

¢. All foreign requests must be submitted through the Washington, D. C. Embassy
to:

Office of the Assistant Chief of Staff
for Intelligence

ATTN: Foreign Liaison Office

Department of the Army

Washington, D. C. 20310

All requests, other than those originating within the DOD, must be accompanied by
a valid justification.

Comments and suggestions on this handbook are encouraged, and should be
addressed to Army Research Office—Durham, Box CM, Duke Station, Durham, N. C.
27706.
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CHAPTER 1
CONDUCTORS

1—-1 MATERIAL ELEMENTS

Conductors have the function of getting electricity
from one point to another in an electrical circuit. For
this handbook, copper and aluminum will be the main
materials discussed because of their balance between
high conductivity and reasonable price.

1—1.1 COPPER (ETP and OFHC)

There are two main divisions of copper used for
conductor purposes, electrolytic tough pitch (ETP)
copper, and oxygen-free high conductivity (OFHC)*
copper which is similar, except that the molten copper
is protected by an inert gas cover from melt to casting
in OFHC.

Both wvarietiecs have similar propertics (tensile
strength, elongation, melt point, etc.) except that with
ETP when exposed to reducing gases (illuminating gas
and hydrogen) at high temperatures (1000°F and
above) embrittlement takes place. The manufacture of
OFHC within an inert atmosphere adds to its cost and
only imparts resistance to embrittlement way above
operating temperature of wire and cable. Therefore,
the premium price paid for OFHC is wasted in most
wire and cable applications except where copper wire
has to be welded.

1-1.2 COPPER (HOT ROLLED)

Hot rolled copper rod used for drawing into wire
usually has embedded in its surface, oxides, scale, and
dirt. When fine gage strands (0.025 in. or less) are to
be drawn from such rod, the rod should be processed
by pickling and dic shaved to insure round rod and
remove troublesome rolled-in oxides, particles, and
scales.

* Registered Trademark American Metals Climax

1-2 WIRE SIZE (SOLID)

1-2.1 GAGING SYSTEMS

While there are several gage systems for classifying
wire size, the American Wire Gage (AWG) or Brown
and Sharpe series of size designations is used for
conductor materials in the United States. Table 1—4 is
arranged by AWG size and shows diameters, areas,
weights, and resistances.

This gage system is a geometric progression whereby
cach gage size represents a 20% reduction in area or
roughly a 10% reduction in diameter. On this basis
every 3 gage sizes approximately doubles the area and
every 6 gage sizes approximately doubles the diameter.

1-2.2 CIRCULAR MIL AREA (CMA)

The area of round conductors is usually expressed
in circular mils. A circular mil is the area of a circle 1
mil in diameter or % times a square mil. Therefore,
the area of any circle is simply the square of the
diameter (in mils) expressed in circular mils.

There is an easy rule of thumb which may be used
to obtain approximate sizes of wire if one remembers
that #10 AWG wire is approximately 1/10 in. in
diameter and has approximately 10,000 circular mils
and approximately 1 ohm/1000 ft of length. Example:
What is approximate size, weight, arca, and resistance
of #22 AWG wire?

#22 is 12 sizes smaller than #10, therefore, the arca
has been halved 4 times (#13, #16, #19, #22) making
the area approximately 625 circular mils.

The diameter has been halved twice (#16, #22) and is
approximately 0.025 in. Since resistance is inversely
proportional to area, it has been doubled 4 times and
is approximately 16 ohm/1000 ft.

1-1



AMCP 706126

1-2.3 COPPER WIRE DIMENSIONS

The dimensions of soft drawn bare copper wire are
normally controlled by Federal, Military, and ASTM*
Specifications, and Handbook 100 — National Burcau
of Standards, to *1% of the diameter for sizeslarger
than 0.010 in. and to +0.0001 in. for sizes 0.010 in.
and smaller.

1-2.4 DC RESISTANCE

The maximum resistance figures shown in Table
1-4 were calculated using minimum diameter values.
For other alloys, resistance may be calculated, if %
conductivity is known.

1-3 COATINGS

Copper 1s rarely used on specialized applications in
its bare state because of the oxidation that takes place
on exposure to air. Oxidation or other corrosion is
accelerated by the presence of heat, moisture, and
some insulation materials such as rubber. To prevent
corrosion and enhance terminating, bare copper is
coated with a metal less susceptible to oxidation and
corrosion.

1-3.1 METHODS OF COATING

Coatings may be applied by one of several methods.
The more common are:

a. Electroplating: an electrolytic anodic coating
over the base metal.

b. Hot dipping: the process of running the wire
through a molten bath of the coating material.

c¢. Cladding: the process of welding under heat and
pressure, producing a heavy outer coating over a base
metal which is then formed into a wire in the usual
fashion.

1-3.14.1 Tin

For ordinary usage the least expensive coating is tin.
In addition to its corrosion protection, tin facilitates
the application of solder. However, tin is limited to
120° to 135°C in its usage because at higher

* American Society for Testing and Materials

temperatures tin rapidly oxidizes, turning black, and
corrodes.

Historically, tin was applied to copper first by the
hot dip method. With this technique, impurities of the
molten tin bath remain in the coating deposited on the
surface of the wire. The control of the thickness of tin
coating by this method is relatively poor, varying from
10 to 100 pin. even on wires running through the same
molten tin bath on adjacent spools.

A more accurate method of applying a tin coating
to a conductor is by the electroplating method. Here a
concentric, high purity, uniform layer of tin deposit on
the copper is assured. The plating should be done at
rod or intermediate size and redrawn to compact and
reflow the relatively porous coating formed by plating.

The electroplating method of tin coating wire is
chosen so that very accurate control of the deposit can
be maintained after final redraw, and the resulting
plating thickness will be suitable for the required
application. This method allows the same diameter
tolerance as bare copper (¥0.0001 in. on 0.010 in. or
smaller strand, and *1% for larger strand) on tin-coated
wire. The ASTM, Federal, and Military Specifications
permit a +0.0003 in. -0.0001 in. and +3% -1%
tolerance to allow for added tin when processed by the
hot tin dip method. This tolerance difference can
become a significant factor in applications in aircraft
and space craft where weight is critical. Example:
Nineteen strands of #38 AWG (#26 cquivalent) is a
common large usage item in such vehicles. The
maximum strand diameter with such a wire, and the
10.0001 in. tolerance would be 0.0041 in.; with the
0.0003 in. tolerance, 0.0043 in. The weight is
proportional to arca, and therefore, to the diameter
squared as depicted in Eq. 1—1.

dl Ww? +d2 [(W+X2)2 “Wz]
dy W* +d? [(W+x,)* -w]]

x 100 = % weight increase
of x, overx,
(1 =100%Y)1-1)

where W = wire diameter, nominal in.
dy = density of copper, 8.9
d2 = density of tin, 7.3

x; = smaller diameter tolerance, in.
larger diameter tolerance, in.

=
R
1]



Note

Eq. 1-1, is used for #30 AWG strands
and smaller. To cite an example, and
using the #38 AWG stranding as above, we
would determine the weight proportion as
follows:
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| x 100= 108.26%

x 100 =

We now see that the maximum weight with the looser,
or larger, tolerance is 8.26%greater than the maximum
weight of the lighter, or smaller, tolerance. In addition,
the size is larger, hence more insulation is needed.

Tin-coated wire is normally tested for tensile strength
and clongation, resistivity, continity of coating, and
adherence of coating and finish. ASTM Standard B-33
specifies parameters for these tests.

Tin thickness for normal applications is 25—-30 pin.
on the finished wire. For special applications, heavy
coatings of from 125 to 175 pin. are applied. Testing for
continuity and adhesion of coating should be done prior
to stranding because, due to the softness of the coating,
minor scratches are inevitable during future operations.
Tests should be made to insure that the coating is
applied evenly and adheres firmly to the base metal . *

There is some evidence that pure tin can transform to
a grey tin powdery structure when subjected to a
sub-zero environment for prolonged periods. The
addition of small amounts of antimony and/or bismuth
will inhibit this transformation. Antimony and bismuth
can be added to both the hot dip and electroplating
process. This phenomenon has been thoro’ughly
investigated by experts and transformation of tin has
been observed on tin-coated wire in laboratory studies;
however, there is not sufficient evidence that there is a
generally serious problem. **

* ASTM Standard B-33 (tin)
ASTM Standard B-298 (silver)
ASTM Standard B-355 (nickel)

1-3.1.2 Silver

Silver-coated conductors are reliable for continuous
temperature  applications  through  200°C. At
temperatures in the order of 350°C silver will rapidly
tarnish and corrode. The silver and copper tend to
migrate through the boundary layer and form an alloy
with copper, which rises to the surface.

Silver is applied by the electrodeposit method which
allows a £0.0001 in. and +1% tolerance on final wire
size. In this case ASTM, Federal, etc., Specifications
require these tolerances. Silver-coated wire has the same
tests applied to it as to tin-coated wire with the addition
of a thickness measurement. The parameters of these
tests are specified in ASTM Standard B-298.

Many specifications require a minimum thickness of
40 pin. of silver coating on the finished strand while
others call for 50. ASTM B-298 specifies several classes
of plating thickness by % weight of silver to that of total
wire weight and only recommends by note that a
minimum of 40 pin. be used. This does not help the end
user who is only concerned that sufficient thickness be
required to prevent corrosion.

Example:
Class B ASTM B-298 requires 2.50%silver.
On a 0.010 in. (#30) wire this yields 53 pin. of silver.

On a 0.004 in. (#38) wire this yields only 21 pin. of
silver.

** ASTM Special Technical Publication #319
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This Class B wire is totally inadequate for #38 wire.
Example:
Class D ASTM B-298 requires 6.10%silver.

On a 0.010 in. (#30) wire this yields 129 pin. of
silver.

On a 0.004 in. (#38) wire this yields 52 pin. of silver.

Obviously far too much silver is present on the #30 wire,
resulting in excess cost.

The various classes of ASTM, therefore, are only
academic since in practical use sufficient silver must be
applied so that after redraw the required amount is
present.

In spite of its large usage, silver-coated copper has
some limitations as follows:

a. Silver tarnishes, giving poor appearance and
frequently causes misunderstandings with inspectors
expecting a brilliant finish.

b. Silver wets very ecasily with molten solder, and
solder will wick up into the strands by capillary action
to form a solid conductor at the soldered joint where
flexibility and flex life are most needed. This has caused
conductors to break under conditions of repeated
flexing or vibration. It can be overcome by controlled
soldering techniques — controlling such parameters as
solder pot temperature, time and amount of immersion
during dip, use of heat sinks, and soldering iron
temperature. A much more satisfactory solution is found
in the use of nickel coating which reduces wicking.

c. With silver, in proximity to copper and moisture
being present, electrolytic corrosion can take place with
the copper protecting the silver. Copper is
electropositive to silver so that the corrosion can be
progressive if conditions remain conducive. A red
cuprous oxide formation, sometimes referred to as “red
plague”, has occurred. Usually this is the result of poor
manufacturing procedures, where ecither insufficient
silver was applied or excessive heating has caused the
copper to migrate to the surface and form sites for
clectrolysis. Fifty microinches of silver is very much
more effective than forty in minimizing this problem.
An effective way of climinating this oxidation is dual
coating (see par. 1-3.2).

1-4

1-3.1.3 Nickel

Nickel plating was developed for continuous service
up to 300°C. The nickel does not tarnish at elevated
temperatures as does silver. Nickel is electropositive to
copper, therefore, nickel does not exhibit the oxides
that are sometimes found when using silver. In a
phenomenon of electrolytic action, a flaw in the nickel
coating will actually heal, preventing the cuprous oxide
from forming. Nickel is much harder than silver, and
therefore, passes through stranding machinery with less
surface scratching.

Again, as in the case of tin coatings, the electrodeposit
method of nickel coating gives assurance of a high purity,
concentric, uniform layer of deposit. The tolerance on
finished nickel-coated wire strands in ASTM B-355 are
+0.0003 in.—0.0001 in. and +3%—1% for tin-coated
copper. Since nickel-coated wire is redrawn through dies
after coating, this extra tolerance is not needed and
normal manufacturing controls can hold this to 20.0001
in. and =1%. This smaller tolerance should be specified
to save weight as illustrated in par. 1-3.1.1 for
tin-coated strands.

Nickel coating solders readily with approved
noncorrosive solders but requires higher temperatures.
Solder pots and irons should be run in excess of 675°F
for adequate wetting.

Testing of nickel-coated copper wire includes tensile
strength, resistivity, continuity, coating adherence,
weight, and finish. The parameters of these tests are
specified in ASTM B-355. The normal thickness applied
is 50 pin. minimum. The plating of nickel is more
difficult to accomplish than silver or tin, therefore, the
nickel-coated wire has the additional coating adhesion
test and resistence check. This adhesion test consists of
heat cycling which, because of the differences in
coefficients of thermal expansion of nickel and copper,
causes the nickel and copper to separate if not
thoroughly bonded. This is a very useful and revealing
test, and should be part of every specification requiring
the use of nickel plating. The resistivity test 1s utilized to
assure that excessive amounts of nickel are not present
on the wire.

1-3.2 DUAL COATING
In order to provide silver coating with the corrosion

protection of nickel, a corrosion-resistant coating with
excellent solderability has been developed consisting of :



thin layer of nickel, and over that a coating of silver.
These combine to give the advantages of both materials.
This coating is usually applied with 10pin. of nickel and
40pin. of silver (minimum).

This construction should include testing for
resistance, thickness of coating, continuity of coating,
adhesion of coating, tensile strength, and elongation.

1-3.3 CLADDINGS

Copper-clad steel consists of a steel core surrounded
by a copper cylinder, the two metals continuously fused
or bonded together under heat and pressure. Nickel-clad
copper is similarly formed. When being drawn to fine
wire, it is important that the cladding process be
accomplished at a small wire size instead of at the billet
stage. When the cladding is done inbillet size (4 in. to 6
in. diameter) and drawn to 0.003 in.—0.010 1in.
diameter range, the coating will no longer be uniform
and, in fact, the core material may even be exposed.
Resistances will vary along the length of the wire and the
product is unsatisfactory. Table 1-1 shows data of
copper-clad steel conductors.

Nickel is normally applied by the electrodeposit
method, but may be clad. When applied by cladding, the
nickel coating must be heavier than a plated coating.
This normally runs 15% or greater by weight which is
undesirable since the conductivity of nickel is much
lower than that of copper.

14 ALUMINUM
1-4.1 USES

Aluminum is frequently used as a conductor material
because of its good conductivity and light weight. Large
diameter transmission lines made of aluminum with a
steel reinforcement are the main uses of aluminum
conductors.

High purity (99.45%) EC grade aluminum is used,
however, it is necessary to use a conductor two gage
sizes larger, where aluminum is substituted for copper,
to have equal current-carrying capacity because of the
increase in resistivity over that of copper (see Table
1-4). Therefore, because the aluminum conductor is
larger, more insulation has to be provided to assure
equivalent protection. Even though the size of the
aluminum configuration is from 20% to 50%]larger than
that of copper, the breaking strength is less due to the
much lower tensile strength of aluminum.
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1-4.2 COATINGS

Aluminum should not be coated by any other
metals even though the techniques exist to do it.
Aluminum is very active, high in the EMF series, and
positive, so that electrolytic corrosion between
aluminum and other metals such as, copper, tin, silver,
or nickel is very rapid and destructive at the interface in
the presence of moisture, especially if polar salts are
involved.

1-6 ALLOYS

1-5.1 GENERAL PROPERTIES

Alloying of copper with small amounts of other
metals can increase the hardness, tensile strength, flex
endurance, and resistance to elevated temperatures, with
only a small sacrifice of electrical conductivity (see
Table 1-7).

Reduction of conductor size offers the greatest
opportunity for weight and size reductions where
current and voltage drops permit. In small gages (#26
AWG or smaller) copper does not have sufficient
physical strength to be completely reliable. The
substituion of hard drawn materials is an unsatisfactory
method of increasing strength because they have little or
no clongation which would make breakage due to high
stress a very serious problem. Obviously, hard drawn
conductors with no elongation, bound into harnesses of
cable, must break if the cable is bent since there is no
stretch available. This rules out the use of cadmium
copper, beryllium copper, or hard drawn copper to
increase the strength of fine wire since in the annealed
state they offer little or no improvement in physical
properties over soft copper.

1-5.2 HIGH CONDUCTIVITY TYPES

Flex-life is improved vastly with the use of high
conductivity copper alloy conductors as compared to
similar soft copper constructions. It is possible to select
a conductor #2 AWG sizes smaller in an alloy
construction, for weight saving designs, while retaining
the breaking strength, clongation, and flex-life
characteristics of the larger and heavier soft copper
conductor. See Table 1—4 for flex-life comparisons.

These alloys can be acquired with the same protective
coatings as described for copper.
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TABLE 1-—1
DATA—COWER-CLAD STEEL CONDUCTORS"
Dia. Max DC Resistance, Max DC Resistance,
in. ohm/ 1000 ft @20°C, Dia, ohm/ 1000 ft @20°C,
AWGH# Conductivity AWG# in. Conductivity
40% 30% 40% 30%
40 0.003145 2978.0 3955.0 18 0.04030 17.58 24.10
39 0.003531 2324.0 3135.0 17 0.04526 13.96 19.10
38 0.003965 1787.0 2490.0 16 0.05082 11.06 15.15
37 0.004453 1408.0 1974.0 15 0.05707 8.77 12.02
36 0.006000 1143.0 1566.0 14 0.06408 6.96 9.53
35 0.005614 910.0 1242.0 13 0.07196 5.52 7.56
34 0.006304 720.0 984.0 12 0.08081 4.37 6.00
33 0.007080 567.0 780.0 11 0.09074 3.47 4.76
32 0.007950 447.0 619.0 10 0.1019 275 3.77
31 0.008928 3610 491.0 9 0.1144 2.18 2.99
30 0.01003 286.0 392.0 8 0.1285 1.73 2.37
29 0.01126 224.0 308.0 7 0.1443 1.372 1.88
28 0.01264 180.0 245.0 6 0.1620 1.088 1.492
27 0.01419 142.0 194.0 5 0.1819 0.864 1.183
26 0.01590 113.5 154.0 4 0.2043 0.684 0.938
25 0.01790 §9.2 122.2 3 0.2294 0.542 0.744
24 0.02010 70.7 97.0 2 0.2576 0.431 0.590
23 0.02257 56.0 76.8 1 0.2893 0.341 0.467
22 0.02535 44.7 60.8 0 0.3249 0.271 0.371
21 0.02846 352 48.4 00 0.3648 0.215 0.294
20 0.03 196 279 38.3 000 0.4096 0.170 0.233
19 0.03589 22.2 30.4 0000 0.4600 0.135 0.185
Material Conductivity Tensile Strength, Elongation,
[ACS** psi %in 101n,
Based on DC
Resistivity Min Max Min Nom
Copper-Covered Steel 40% 110,000 120,000 1 2
40%Hard Drawn 40% 55,000 60,000 8 12
30%Hard Drawn 30% 127,000 135,000 1 2
30% Soft 30% 60,000 65,000 8 12

: Copper-covered Steel or Copperweld are other common names.

International Annealed Copper Standard.

1-5.3 HIGH CONDUCTIVITY-HIGH STRENGTH

IYPES

The high conductivity-high strength alloys can be sub-

alloys can be exposed to 750°F with no change in
properties.

1-6 STRANDING

jected to much higher temperatures than can copper,
either in processing or in use, without effect on breaking
strength or flex-life. Copper, cadmium bronze, etc.,
anneal at temperatures as low as 450°F, whereas the

1-6

The majority of high quality, specialized wire is
stranded in order to give it flexibility, long flex-life, and
to improve its reliability.



Nonstandard strand sizes may be selected so that the
finished wire will have a certain cross-sectional area as
defined by a standard wire gage, or a standard strand size
may be selected so that the finished wire, with a
specified number of strands, does not match the
standard wire gage exactly, but is a close
approximation. Table 1—6 shows a typical comparison
of strandings specified in Specification QQ-W-343 and
ASTM B-286. The ASTM Specification calls for the
measurements of resistivity as a control of the finished
size of a conductor. This is more realistic and is more
readily measured on an insulated conductor than circular
mil area. These values may be controlled more closely by
carcful wire processing techniques to cut down on the
amount of cold working of the conductor during
stranding, and stretching in subsequent operations.

Table 1—6 shows typical wire resistance values for
stranded and solid wires of various matenals. ASTM
B-286 furnishes Eq. 1-2 for calculating the maximum
D-C resistance of coated and uncoated electrical
conductors. Eq. 1-2 applies to 0.010 in. and larger
strand sizes. Eq. 1-3 is used for computation of
'maximum resistance for 0.0099 in. and smaller strand
size.

R x10535xfxm
d?> xN x0.98 x$.G.

= ohm (max)/ 1000 ft @ 20°C
(1-2)

Rx 10535xfxm
(d,in)* XN xS.G.

= ohm 1000 it @ 20°C
ohm (max)/ (13)

R = resistivity, ohm-Ib/mi? @ 20°C
R = 875.20 for bare copper

R = 939 51 for tinned copper 0.01 11in. to 0.0030
in. diameter

R = 92952 for tinned copper 0.0201 in. to 0.011 1
in. diameter

R = 910.15 for tinned copper 0.103 in. to 0.0201
in. diameter

R = 875.20 for silver-coated copper
R = 875.20 for nickel-coated copper (50uin.)
105.35 = constant conversion factor

f = stranding lay factor
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f =

1.02 for bunch or concentric stranding through
27 strands

£ = 1.03 for bunch or concentric stranding through
28 or more strands

f = 1.04 for rope lay conductors with 7 members

f = 1.05 for rope lay conductors with 19 members
m = stretch allowance factor to compensate for
stretching of conductor during processing
m = 1.02
d = nominal strand diameter, mils (i.e., 0.001 in. = 1
mil)
d,, = minimum allowable strand diameter, mils (same

as above).
Note

For nickel-coated strands use 0.0002 in. less
than minimum allowable strand diameter.

0.98 = cross-sectional area factor for minus tolerance
allowance in single end wire.

S.G. = specific gravity
8.89 for copper and Alloy 63
2.7 for aluminum
7.9 for steel

N = number of strands

In the stranding of conductors there are specific
numbers of strands which lend themselves to round
configurations. These round configurations may be made
up with 7, 12, 19, 27, or 37 and larger numbers of
strands. Nommally the 37 grouping is the largest one
utilized without making up a rope out of 7 or 19 groups
of stranded conductors. When insulating conductors, it is
extremely desirable to use these configurations which
yield round conductors because the insulation is
extruded from a circular dic and is in itself round. If the
conductor is not round, then excessive insulation
requiring additional space and weight must be utilized,
or there will be insufficient insulation on the thin spots
to properly carry the rated voltage without breakdown.
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Wire is stranded in 3 basic configurations —bunched,
concentric, and rope.

1—6.1 BUNCHED STRANDING

Bunched stranding consists of twisting a group of
wires of any number together, all at once —in the
bunching machine, with the same length of lay for all
strands — without regard to roundness or geometric
arrangement. When configurations —such as 7, 12, 19,
etc., which may be round — are twisted in this manner,
the bunch stranding has been called “Unilay”. “Unilay”
stranding is still a bunched stranding with all its inherent
problems, such as strands popping out and sliding from
layer to layer. In order to attempt to minimize this
strand migration, bunched stranding is sometimes passed
through a closing dic too small for the conductors and
“mashed” into shape. During this process the round
strands are pressed into polygons. This results in
excessive work hardening, loss of flex life, and scraped
coating.

1—6.2 CONCENTRIC STRANDING

Concentric stranding consists of a central core
surrounded by distinct layers of strands. The only way
such a stranding can be guaranteed to stay round is to
either reverse the direction of the successive layers of
strands, or have a different length of lay for eachlayer,
so that the inner layer will support the outer layer and
prevent the strand migration encountered in a bunched
configuration. When the lay in each layer is reversed,
concentric stranding is called true concentric, and when
the layers are in the same direction, each with a different
lay length, it is called unidirectional concentric.
Unidirectional concentric has an advantage of much
greater flexibility and flex life than the true concentric.
Lay lengths close to, but not greater than, those
specified in Table 1-8 are important for flexibility and
flex life. Concentric stranding is preferred to bunched to
achieve more uniform wall thickness of insulation.

1-6.3 ROPE STRANDING

Rope stranding consists of twisted groups of stranded
conductors. Each group may be ecither bunched or
concentrically stranded. In rope stranding it is standard
to use a number of groups that lead to round
constructions (7, 12,19, 27, etc.) — 7 and 19being most
common. These groups may be twisted in the same
direction in all layers (unidirectional) or in alternate
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directions for each successive layer (true concentric). As
with concentric stranding, each layer in a unidirectional
construction must have a different lay length if the
roundness is to be maintained. Unidirectional lay is
preferred to true concentric because of better flexibility
and greater flex life. The lay lengths for each lay should
be between 8 and 14 times the pitch diameter of that
layer for best compromise between flexibility and flex
life. See Table 1—8 for stranded conductor lay lengths.

1— SOLDERING

Since soldering is a mutual union involving an action
between two metals, it is essential that the metal being
soldered be as hot as the molten solder for proper
alloying to transpire. If hot solder is dropped on a cold
metal, the solder will only freeze to produce a “cold
joint”, and no alloying action will take place — the result
is a poor electrical connection. Therefore, the soldering
iron or other source of heat that is employed must be of
adequate capacity to heat the metal being soldered to a
temperature that will melt and alloy the solder.

For successful, effective soldering, the soldering iron
must be “tinned” before use. The purpose of this is to
provide a completely metallic surface through which the
heat may flow readily from the iron to the metal being
soldered. If tinning is not present, the hot iron will
oxidize and the heat will not flow readily through the
surface oxide film to the work.

Even the metals — tin, silver, and nickel — which are
added to enhance solderability, will form an oxide
surface which must be removed before a good joint can
be achieved. This is accomplished by chemical fluxes
which must be noncorrosive at the operating
temperature of the finished product. The flux may be
applied by brush, dipping, or most commonly by
incorporating as a core in the solder.

When using flux-core solder, it is important to
remember that this product consists of two substances
(solder and flux) that are physically and chemically
dissimilar. For instance, the flux in most cases is liquid
or semi-liquid at room temperatures with a tendency to
volatilize at 100°C (212°F), while the solder does not
become liquid below 183°C (361°F) to 327°C (620°F).
For this reason the soldering flux, which is contained
within the solder core, has a tendency to volatilize or
decompose while the solder is being melted. Flux-core
solder must, therefore, be applied not on the top or side



of the hot iron where it will volatilize and lose its
effectiveness, but rather at the exact junction between
the metal assembly and the soldering iron in order that
solder and flux may be liberated simultaneously at the
specific joint where solder is desired and where it is
needed.

The primary purpose of soldering is not to secure
mechanical strength, but to secure a permanently sound,
nonporous, and continuously metallic connection that is
not affected by temperature change; that lends itself to
minor torsional strain and stress without rupture; and
that has a constant and permanent electrical value. A
joint must be mechanically secure before soldering, and
allowed to remain undisturbed until it is completely
solid. It is of no value to add solder to a joint after
adequate alloy action has taken place. The alloy
attachment lies in the thin film of solder between the
two metals that are joined together. This film of solder is
preferably in the order of 0.004 in. in thickness.

Some metals solder' readily, some solder with
difficulty, and some will not solder. The type of solder

and flux depends on the particular metal being soldered.

1—7.1 SOLDERING STRANDED WIRE

There have been many problems in connection with
the soldering of stranded wire. The conventional
procedure has been to cut and strip conductors, either
by hand or mechanized equipment, twist the stripped
ends together and dip in a solder pot to tin the
conductors and hold the strands together. This being a
hand operation, it becomes very costly and presents
problems such as melting of the insulation and the
wicking of solder up into the strands. An attempt to
avoid this may be made by running tinned stranded wire
through a hot tin dip in order to fuse all the strands
together continuously throughout the length of the wire
prior to insulating. This approach is costly and results in
a stiff stranded conductor similar to a solid conductor.

A second approach is to lightly tack the strands
together so that, on flexing, these strands will break
away on the first bend and will then act as stranded
conductors. However, this has the disadvantage that,
when it is bent with tools to insert into lugs or wrap
around terminals, the strands will break open defeating
the purpose of fusing. Neither of these methods is
approved under the governing specifications for hookup
wire, MIL-W-76 or MIL-W-16878D, because of the
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obvious implications of reduced flex life compared to
the stranded conductor specified.

1-7.2 HEAVY TINNED STRANDING

The most practical solution to enable this tinning to
be done without sacrifice to wire characteristics is by the
use of stranded wire made with heavy tinned strands
utilizing 100-150 pin. of tin. Heavy tinned, insulated,
stranded wire utilizing such a conductor may be passed
through a coil on a radio frequency induction heater,
and if the correct amount of radio frequency current is
passed through the coil, it will heat the conductor
through the insulation and fuse together the heavy
tinned strands in a section approximately equal to the
coil length. The coil length should be such that when the
fused section is cut in the center and stripped, a tinned
and fused section of conductor will be exposed where
the insulation is stripped off, with the remainder of the
conductor unfused. This technique may be utilized with
either heavy tin or silver coating to eliminate the tedious
hand dipping operation.

In practice the coil is located an integral number of
cutting lengths from the cutting and stripping machine
so that when the wire stops for cutting a pulse of current
is passed through the coil fusing a spot which will later
be cut and stripped. Example: A run of 9 in. pieces are
to be made with 1/2 in. stripped length at each end. A
coil will be chosen to fuse 3/4 in. of conductor and the
machine set so that the center of the coil is 18 in., 27
in., 36 in., or other convenient multiple of 9 in. from the
cutter. As the machine operates, the cut will be made in
the center of the fused portion and stripped, leaving 3/8
in. of fused and 1/8 in. of unfused conductor exposed.

1-7.3 SILVER-COATED STRANDING

Considerable breakage has been experienced by
equipment  manufacturers  utilizing  silvercoated
strandings, particularly with Teflon insulation. In most
instances, the breakage was due to careless soldering
operations which caused the solder to wick up into the
strands, yielding a solid conductor where the insulation
is stripped and the 'flexibility is needed most. This
probably occurred for the following reasons: (1) Teflon
being resistant to the heat of soldering causes operators
to become extremely careless and actually dip the
Teflon itself into the solder pot, and (2) silver has a great
affinity for solder, and as long as the temperature of the
silver-coated wire is hot enough to keep the solder
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melted, it will continue to wick up by capillary action
higher and higher into the stranded wire under the
insulation. This condition can be controlled by
exercising extremely careful regulation of solder pot
temperature , immersion time, immersion depth, solder
iron temperature, and use of heat sinks.

1-7.4 NICKEL-COATED STRANDING

A more satisfactory solution is to avoid the problem
completely by using nickel-plated wire in place of
sitver. While nickel does not have the great affinity for
solder that silver does, it will solder nicely with
ordinary approved noncorrosive fhixes. It does require
slightly higher temperatures for the solder pot, in the
order of 320°C (608°F) to 360°C (680°F).

Experience has shown, both in production and the
laboratory, that the flex life of nickel-plated, stranded
conductor terminations is superior to those of
silver-plated terminations. This can be traced to the
greatly reduced amount of solder wicking which occurs
with a nickel-plated strand.

1-7.56 COMPOSITE STRANDING

An unsatisfactory attempt at a solution to wire
breakage was offered several years ago — before
adequate alloy materials were available. Strandings
made of composite materials — such as copper mixed
with stainless steel, copper-covered steel strands, or
other reinforcement — were tried. If composite strands
are stretched or jerked in some manner, the copper
will elongate, and the more springy, harder materials
will retract more readily, causing basket effects and
kinking of the adjacent copper strands. When materials
such as stainless steel are used, they do not solder;
and, therefore, are uscless in adding strength at the
solder joint where the strength is most needed. Also,
they can become a source of electrical noise since they
are free to move within the solder joint under
conditions of vibration or stress. These composite
strandings were formerly permitted in MIL-W-16878C
without regard for their solderability. In
MIL-W-16878D this was modified, and if composite
strandings are used, the steel or other material must be
coated with a solderable surface similar to the copper
coating for the particular wire in question.

1-8 TERMINATIONS

1-8.1 CRIMP TERMINATION

A crimp termination can be definied as the joining
together of conductor and terminal through the proper
mechanical displacement of the materials by squeezing
the connector sleeves onto the conductor. The process
is realized through a mechanical bond in lieu of
thermal alloying. The primary concern in the selection
of this termination method is proper execution of the
crimp. This can only be realized through selection of
proper tools and terminals, including contacts, lugs,
etc., and wire sizes. Tools are now available which will
properly execute the termination by means of ratchet,
preset, positive cycle mechanisms. These tools will
function properly over extended periods of time, with
the augmentation of thorough test sampling cycles.
This method lends itself well to semi- and
fully-automated production methods. Crimp
terminations offer the advantages of the selection of
wire, insulation, and terminals without concern for
thermal characteristics. This method also permits
miniaturization and subminiaturization of circuitry
with excellent mechanical and environmental
parameters. The greatest single advantage of crimping,
compared to soldering, is climination of the human
element always present in soldering. When proper
tooling is used, crimps are as consistent as the
tolerances that can be maintained on thejoined parts.

1-8.2 WIRE WRAP TERMINATION

A relatively recent method of making a reliable
solderless termination, rapidly and adaptable to
automation, is the wire wrapping technique. The
principle of this method involves the wrapping of a
solid wire under tension, 4 to 8 complete turns in the
form of a closed helix, around a rectangular
termination pin made from a relatively harder material
than the wire being used. The wire is bent sharply
around the comers of the pin under enough tension
that the comners displace metal in the wire and form an
increased area of contact. For this reason, the wire
used for wire wrapping must be very ductile and
resistant to notch sensitivity, and is usually controlled
by raising the minimum elongation values of copper
wire 5% above the normal. In some cases an added
restriction of maximum tensile strength is desirable.
Present usage involves #22 through #30 AWG.
Stranded wire cannot be used for wrap terminations.



1-8 SHIELDING
1-9.1 GENERAL

Shielding is used to prevent electrical interference,
whether from the protected circuit to other circuits, or
from other circuits into the protected circuit.

Shielding is also helpful in reducing damage to wire
insulations from electrical discharges, due to lightning,
built up on the outside of the insulation and serves as
a safety measure to prevent injury if the insulation is
accidentally pierced or otherwise penetrated or broken.
A shield is applied over the insulated conductor and is
usually grounded while the wire or cable is in
operation. An external shield or armor may be applied
over the jacket and primarily serves the function of
protecting the wire or cable from external physical
damage.

For low frequency electrostatic shiclding,
semiconductive coatings, ecither extruded or tape
wrapped, have been used. Usually this semiconductive
coating is applied over an uninsulated drain wire which
is used for termination purposes. The -electrical
effectiveness of those semiconductors leaves much to
be desired, and in fact, the drain wire alone will
furnish the major portion by capacitive coupling.

Shielding may be provided by metallic (usually
copper or aluminum) sheaths in various forms. The
metal may be either spirally or longitudinally applied
in tape form. When sufficient thickness is applied to
furnish effective electrical shiclding, the construction is
very stiff — the spirally wrapped version being slightly
more flexible because the layers can slide as the cable
is bent.

The most effective shield, electrically, is a solid
metal tube applied either by drawing down over the
conductor or by wrapping a sheet of material around
the conductor and welding the seam. This
construction, of course, is very stiff and will only
stand limited bending. It is utilized a great deal for
permanent installations of coaxial cable.

Thin solid metal coatings may be applied by
electroplating directly to the dielectric. These are
unsatisfactory, because, if sufficient plating is applied
to give an electrically .effective shield, the resulting
metal is so brittle it will fracture under bending around
small radii.

AMCP 706-125

Thin metal foils applied by tape wrapping suffer the
same lack of electrical shielding capability as thin
plating. This is especially true at low frequencies where
current penetration is greater. This would apply
particularly to metal-backed plastic films where the
metal is especially thin. Again, as with
semi-conductors, most of the shiclding would result
from capacitive coupling to a drain wire wrapped
under the foil.

Flat wire has been applied by braiding over the
insulated wire in an attempt to reduce costs through
weight saving and labor, and improve coverage. One
end of wire per carrier is used. It has been found that
coverage measurements average about the same as
round wire braids and the flat wire adds considerably
to the stiffness of the cable. On sharp bends the flat
wire has a tendency to kink with the relatively sharp
edges cutting into the insulation.

The most satisfactory shield technique is the use of
braided wires. This yields a high conductivity, flexible,
mechanically sound structure giving an effective
clectrostatic and clectromagnetic shield at the price of
a weight increase. The size of wire used depends on
the diameter to be shielded, and is chosen on the basis
of machine limitations and mechanical structures.

A typical shield is pictured in Fig. 1-1.

1-9.2 BRAID TERMINOLOGY

In braid terminology the number of ends refers to
the number of parallel wires in a group (C in Fig. 1-1
in this case). The number of carriers refers to the total
number of groups of wires in the braid (total number
of spools on the braiding machine). The number of
picks refers to the number of group cross-overs
measured longitudinally along the cable in any
distance, usually 1 in, (£, Fig. 1-1 in this case). The
endsfcarrier is shown as N in Fig. 1—1. An indication
(although not mathematically proportional) of the
shield effectiveness is given by the % of optical
coverage of the shield. It is usual to specify a braid by
the degree of angle, % coverage, and shield wire gage
size; and leave the actual design up to the
manufacturer.

In order to facilitate terminations, a shielded
conductor or complex must have good push back
qualities. The use of a 20" to 40" angle, angle a in Fig.
1-1, with the axis of the conductor will assure these
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Figure I—1. Shield—Constructional Details

qualities. It is not always possible to maintain this
angle range however, particularly where the cable OD
is in excess of 0.400 in; on such cables the shield
angle shall be the best possible. For a high coverage,
tightly adhering shield, an angle of between 40" and
60" is preferable. This is sometimes used to assure
good attenuation characteristics.

1-9.3 COMPUTATION OF BRAID ANGLE AND

COVERAGE
The percent coverage of the shield may be
computed by
K = (2F -F*) 100 (14)

where

K = coverage,%

F = NP9
sina
N = number of strands per carrier (ends)

P = picks per in.
d = diameter, carricr, single end, in.

a = angle of shield with axis of conductor, deg

2n(D + 2d)P

tana c

C = number of carriers
7 = 3.1416

D = diameter of core under shield, in.

Wire gage generally used for shielding is #36 AWG
or #34 AWG for single conductors and up to #30
AWG for overall cable shield depending on size.

The percent coverage range is usually between 85%
and 95% by specification requirement, and is
dependent on the number of carriers, number of ends
per carrier, and the picks per inch as shown by Eqg.
1—4. Table 1-2 is a guide to good design for shicld
wire diameter.

TABLE 1-2

DESIGN GUIDE —SHIELDWIRE SIZE

Diameter of Core Shield

Under Shield, in. Wire Size
Up to 0.048 #38 AWG
0.049 to 0.300 #36 AWG
0.300 to 0.500 #34 AWG
0.500 to 1.00 #32 AWG
1.000 and over #30 AWG




1-9.4 SERVED SHIELDS

In order to save weight, shield wires are sornetimes
served 1n one direction. ‘This cuts down considerably

on electrical effectiveness due to the inductance
introduced as currents spiral around the core. It also
presents some minor problems in fraying if the outer
plastic jacket is removed.
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1-95 SHIELDING EFFECTIVENESS

Table 1-3 gives measured values of typical shields
utilizing the method of US. Army Electronics
Command Technical Requirement SCL-1476. In this
table the shielding effectiveness number is
nondimensional: = perfect shielding 1=No
shiclding. The values listed in Table 1-3 for shield
effectiveness K, at 5 MHz are those obtained
experimentally.

TABLE 13

SHIELDING EFFECTIVENESS —VARIOUS MATERIALS AND CONSTRUCTIONS

Mylar Backing. Spirally
Wrapped Tape — 50% Overlap

11, 1/41in. Alcoa Aluminum Foil
0.005 in. Thick
12. Impregnated Semiconductive
Cloth Tape (no drain wire)
13. Semiconductive Black
Cloth Tape with #30 Drain
Wire

Shield Description Relative Shiecld Effectiveness
K, @ 5 MHz*
1. #36 AWG Tinned Copper Braid
50%Coverage 29x 1073
2. #36 AWG Tinned Copper Braid
75%Coverage 1.06 x 1073
3. #36 AWG Tinned Copper Braid
85%Coverage 0.850x 107
4, #36 AWG Tinned Copper Braid
95% Coverage 0.636 x 1072
5. #36 AWG Tinned Copper Served
Shield 100%Coverage 7.65x 1073
6. Flat Wire Braid—0.002 in. Thick
48%Coverage 11.90x 1072
7. #36 AWG Tinned Copper Braid
85% Coverage (2 conductors
twisted together — overall
shield) 0.0352x 107
8. Extruded Semiconductive
Thermoplastic (with no
drain wire) No Apparent Shielding
9. Extruded Semiconductive
Thermoplastic (with drain
wire) No Apparent Shielding
10. Double-faced Aluminum on

52x107
240x 107

0.353 (very poor shield)

0.900 (no shield effectiveness)

113



AMCP 706-125

TABLE 1-3 (CONT.)

Denier With #30 Drain Wire

Shield Description Relative Shield Effectiveness
K, @ 5MHz*
14. Semiconductive Yarn 40
Denier With No Drain Wire 0.350 (very poor shield)
15. Semiconductive Yarn 40

0.291 (very poor shield)

* K, is the shielding effectiveness factor derived from
using cylindrical testers to obtain an absolute
measurement of the shielding effectiveness. Therefore:

0 = perfect shielding
1= no shielding
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WIRE CHART~SOLID CONDUCTORS

TABLE 1-4

Nominal Maximum D-C Resistance, chm/ 1000 ft @ 20°C
Dia, Circular Weight,
AWGH# in, Mil Areca Material 1b/1000 ft Bare Tinned Silver-coated Nickel-coated
10 0.1019 10384 Copper 31.43 1.018 1.059 1.018 1.023
Aluminum 9.55 1.669 - -— -
11 0.0908 8238 Copper 24.92 1.283 1.334 1.283 1.289
Aluminum 7.57 2.108 — — ———
12 0.0808 6528 Copper 19.77 1.621 1.686 1.621 1.629
Aluminum 6.00 2669 | e - -
13 0.0720 5184 Copper 15.68 2.041 2.123 2.041 2.053
Aluminum 4.76 3.373 — —_— -
14 0.0641 4109 Copper 12.43 2.575 2.675 2.575 2.591
Aluminum 3.78 4.269 ————— - ——
15 0.0571 3260 Copper 9.858 3.245 3.380 3.245 3.268
Aluminum 2.99 5402 | e m—een oveee
16 0.0508 2581 Copper 7.818 4.101 4.255 4.101 4.134
Aluminum 2.37 6.856 — e -
17 0.0453 2052 Copper 6.200 5.154 5.375 5.154 5.201
Aluminum 1.88 8.666 e —
18 0.0403 1624 Copper 4917 6514 6.770 6514 6.581
Aluminum 1.49 11.012 ——— ——
19 0.0359 1289 Copper 3.899 8211 8.539 8.211 8.573
Aluminum 1.18 13.569 —— —
20 0.0320 1024 Copper 3.092 10.319 10.731 10.319 10.455
Aluminum 0.939 17.138 | e — —
Chrome Copper 3.09 12.284 e e
Alloy 63** 3.09 11.465 | esee -— ——
21 0.0285 812 Copper 2.452 13.028 13.549 13.029 13.210
Aluminum 0.745 21.686 | - ———- wnaeme
Chrome Copper 2.45 15.510 e ——
Alloy 63%* 245 14476 | - S
22 0.0254 645 Copper 1.945 16.5 17.1 16.5 16.7
Aluminum 0591 286 | e —_— | e
Chrome Copper 1.940 19.6 N 19.6 19.9
Alloy 63** 1.940 18.3 ——— 18.3 18.6
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TABLE 1—4 (CONT.)

Nominal Maximum D-C Resistance, ohm/1000 ft @ 20°C
AWGH# Dia, Circular Weight,
in, Mil Area Material 1b/1000 ft Bare Tinned Silvercoated Nickel-coated
23 0.0226 511 Copper 1.542 20.7 21.5 20.7 21.0
Aluminum 0.468 372 | _— | e
Chrome Copper 1.540 24.6 —ee- 24.6 25.0
Alloy 63** 1.540 23.0 —- 23.0 234
24 0.0201 404 Copper 1.223 26.2 27.2 26.2 26.8
Aluminum 0.371 46.6 J— — -
Chrome Copper 1.220 314 | e - 314 31.9
Alloy 63** 1.220 29.2 B 29.2 29.8
25 0.0179 320 Copper 0.970 33.1 35.2 331 33.9
Aluminum 0.295 594 | e | —
Chrome Copper 0.969 394 | e 394 40.3
Alloy 63%* 0.969 36.8 ————— 36.8 37.7
26 0.0159 253 Copper 0.769 421 44.7 42.1 43.2
Aluminum 0.234 76.6 _— —— —-mee-
Chrome Copper 0.769 50.1 — 50.1 51.5
Alloy 63** 0.769 46.7 —— 46.7 48.0
27 0.0142 202 Copper 0.610 52.2 55.3 52.2 53.7
Aluminum 0.185 974 | e | e
Chrome Cgpper 0.610 62.2 e 62.2 64.0
Alloy 63* 0.610 58.0 — 58.0 59.7
28 0.0126 159 Copper 0.484 66.4 70.0 66.4 68.5
Aluminum 0.147 126.0 — | -
Chrome ggpper 0.483 790 | e 79.0 81.5
Alloy 63 0.483 73.7 - 73.7 76.1
29 0.0113 128 Copper 0.384 82.7 87.7 82.7 85.6
Aluminum 0117 L (0 B [ — e
Chrome ggpper 0.383 98.5 - 98.5 101.9
Alloy 63 0.383 919 | 91.9 95.1
30 0.0100 100 Copper 0.304 105.8 113.7 105.8 110.3
Aluminum 0.092 2100 | e - —— | e
Chrome ggpper 0.304 126.0 - 126.0 131.3
Alloy 63 0.304 1174 e 117.4 122.7
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TABLE 1-4 (CONT.)

Nominal Maximm D-C Resistance, ohm/1000 ft @ 20°C
Dia, Circular Weight,
AWGH# in. Mil Area Material 1b/ 1000 ft Bare Tinned Silver-coaed Nickel-coated
31 0.0089 79.2 Copper 0241 133.8 144 134 140
Aluminum 0.073 225 ammeenn ———— —_—
Chrome ggpper 0.241 159 | e 159 167
Alloy 63 0.241 149 | e 149 156
32 0.0080 640 Copper 0.191 166.2 178 166 175
Aluminum 0.058 279 — S
Chrome Copper 0.191 198 — 198 208
Alloy 63** 0.191 185 —— 185 194
33 0.0071 50.4 Copper 0.152 2116 227 212 224
Aluminum 0.046 357 — | e —
Chrome ggpper 0.151 252 | e 252 267
Alloy 63 0.151 235 | e 235 249
34 0.0063 39.7 Copper 0.120 270.0 290 270 288
Aluminum 0.037 457 — R
Chrome Copper 0.120 322 | e 322 343
Alloy 63%* 0.120 300 — 300 320
35 0.0056 314 Copper 0.095 343.0 368 343 369
Aluminum 0.029 582 . —— ] e
Chrome Copper 0.095 408 —_— 408 440
Alloy 63** 0.095 381 | e 381 410
36 0.0050 25.0 Copper 0.076 431.9 464 432 470
Aluminum 0.023 738 | | e
Chrome ggpper 0.076 514 | = 514 560
Alloy 63 0.076 480 | e 480 522
37 0.0045 20.3 Copper 0.060 535.7 576 536 588
Aluminum 0.018" | e —-- e
Chrome Copper 0.060 639 | - - 639 700
Alloy 63** 0.060 59 | - 596 654
38 0.0040 16.0 Copper 0.048 681.8 733 682 757
Aluminum 0.015% | e e —
Chrome Copper 0.048 812 —- 812 902
Alloy 63** 0.048 758 | e 758 841
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TABLE 1—4 (CONT.)

Nominal Maximum D-C Resistance, ohm/ 1000{t @ 20°C
Dia, Circular Weight, —
AWGH# in. Mil Area Material 1b/1000 ft Bare Tinned Silver-coded Nickel-coated
39 0.0035 12.25 Copper 0.038 897.1 964 898 1011
Aluminum 0.012* — — — —
Chrome Copper 0.038 1068 ——- 1068 1202
Alloy 63** 0.038 997 ——- 997 1122
40 0.0031 9.61 Copper 0.030 1152 1237 1152 1323
Aluminmim 0.009* —ae e I
Chrome Copper 0.030 1372 —-eee 1372 1578
Alloy 63** 0.030 1270 ——— 1270 1470
Method of Calculation (Eq. 1-3)
Rx10535 _ ohm/1000 ft

*

* %

where

105.35

min

(dmin)2 x8.G.

R = resistivity, ohm-b/mi* @ 20°C

bare copper: 875.20

aluminum EC Grade: 436.24
chrome copper (84%TACS): 1041.9
Alloy 63 (30%IACS): 972.44
tinned copper: 910.15 (0.103 in. to 0.0201 in. dia inclusive)

929.52 (0.0201 in. to 0.01 11 in. dia inclusive)
939.51(0.01 111n. to 0.0030 in. dia inclusive)

silver-coated: Same as base materials
nickel-coated: Use base metal values and subtract 0.2 mils from min diameters.
conversion factor (constant)
minimum allowable diameter, in mils (I mil =
S.G. = specific gravity
for copper, chrome-copper, Alloy 63: 8.89

for aluminum EC Grade: 2.703

0.001 in.)

EC Grade aluminum is not available in sizes smaller than #36 AWG, however, other grades are available with the
same weights.
High strength copper alloy, manufactured by LT.T.

SZ1-90L OWV



110 FLEX-LIFE COMPARISON — COPPER

VS ALLOY 63

1-10.1 TEST METHOD

Wire is flexed through an arc of 120" (* 60" from

AMCP 706125

plane of flexure. One complete cycle represents the

swing of the wire from vertical to 60" one way, 120" the
opposite way, and 60" back to vertical. The load is
attached to the bottom of the wire.

vertical) between parallel horizontal mandrels — having

a diameter 4 x the wire diameter and set 90" to the

FLEX-LIFE OF COPPER VS ALLOY 63

TABLE 1-6

1-10.2 COMPARATIVE DATA:

Table 1-5 shows comparative figures.

* Load psi exceeds material yield strength

Load Material*, Soft Alloy
psi Copper 63
1500 160cycles 2000 * cycles
5000 36 cycles 249 cycles
10,000 16 cycles 30cycles
15,000 1* cycle 14 cycles

119
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TABLE 1-6

WIRE CHART —STRANDEDCONDUCTORS

Conductor Construction

Maximum D-CResistance, ohm/1000 ft @ 20°C

Nickel- | Bare & Silver- | Nickel-coated
No. of | Nominal Dia, Circular | Nominal Dia, Weight, Bare & Silver- | Tin-coated | coated | coated chrome chrome
AWG# | Wires | eachstrand,in. | Mil Area in. 1b/1000 ft | coated copper copper | copper copper copper
0000 2109 0.0100 210900 0.595 674 0.0537 0.0577 | 0.0559| -~ | = =
000 1672 0.0100 167200 0.535 534 0.0678 0.0720 | 0.0726 | - -
00 1330 0.0100 133000 0.455 425 0.0852 00915 | 00888  -— | = -
0 1045 0.0100 104500 0.410 334 0.108 0.116 0113 | - | e
1064 0.0100 106400 0.420 340 0.107 0.114 o111 { - | -
1 817 0.0100 81700 0.380 261 0.138 0.149 0144 | - | -
836 0.0100 83600 0.385 267 0.136 0.146 0141 | =] e
2 665 0.0100 66500 0.315 212 0.169 0.181 0177 | - |
4 133 0.0179 426 15 0.269 136 0.263 0.280 0272 | - | e
420 0.0100 42000 0.255 134 0.267 0.287 0281 | -
6 133 00142 26818 0.213 852 0.419 0.445 o441 | - | e
266 0.0100 26600 0.220 85.0 0.422 0.453 0439 | - -
8 133 0.0113 16983 0.169 53.6 0.661 0.702 0693 | - | -
168 0.0100 16800 0.172 53.1 0.668 0.717 069% | - | e
10 37 00159 9354 0.111 29.1 1.18 1.25 123 | - -
49 00142 9880 0.128 30.5 1.14 1.21 | 00 A
105 0.0100 10500 0.120 326 1.07 1.15 I T e
12 19 0.0179 6088 0.091 18.8 1.81 1.92 185 | - | e
37 0.0126 5874 0.089 18.8 1.87 1.99 195 | - | @ -
65 0.0100 6500 0.093 20.2 1.69 1.82 .72 | -
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TABLE 1-6 (CONT.)

Conductor Construction Maximum D-C Resistance, ohm/ 1000 ft @ 20°C
Nickel- Bare & Silver- | Nickel-coatec
No. of | Nominal Dia, Circular | Nominal Dia, Weight? | Bare & Silver-| Tin-coated| coated | coated chrome chrome
AWG: Wires | eachstrand, in| Mil Area in. 1b/1000 ft | coated copper| copper copper copper copper
14 19 0.0142 3831 0.072 119 287 305 295 -
41 0.0100 4100 0.076 127 269 288 279 -
16 19 0.0113 2426 0.057 7.44 454 482 470 _— —
P 00100 2600 0.060 8.06 423 455 441 - e
18 7 00159 1770 0.048 549 6.22 66 1 637 | - |
19 0.0100 1900 0.050 5.89 5.80 6.22 603 | - |
p.] 0.0080 1667 0.047 5.07 6.62 7.10 695 | e -
20 7 00126 1111 0.038 345 9.90 105 10.2 118 122
10 00100 1000 0.038 3.10 110 118 115 131 137
19 0.0080 1216 0.040 3.70 9.05 972 052 10.8 14
2 7 00100 700 0.030 217 157 16.2 164 187 185
19 0.0063 754 0032 232 146 15.7 156 17.4 186
3 7 0.0080 448 0.024 1.36 246 26.4 258 293 309
19 0.0050 475 0.025 1.47 232 249 251 276 30.0
5 7 0.0063 278 0.019 0.856 396 425 422 472 50.3
19 0.0040 304 0.020 0.930 36.2 388 401 432 48.0
3 7 0.0050 175 0.015 0.514 629 675 68.2 74.9 814
19 0.0031 183 0.016 0.581 60.3 647 69.0 718 82.0
30 7 0.0040 112 0.012 0.343 08.0 106 108 117 130.0
32 7 0.003 1 67 0.010 0.214 164 176 173 196 2240
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TABLE 1<

GENERAL PROPERTIES OF CONDUCTOR MATERIALS

Tensile Strength, Elongation, Max
1073 psi %in 10% Resistivity,
Specific Conductivity, |ohm-lb/mi?
Material Gravity | HardDrawn | Annealed | Min | Nom | %IACS @20°C Comment
1. Copper 8.89 60 . |1 96 910.15 | Poor flex-life
2. Copper 35 20 100 875.20 Best all around-low tensile
in fine gages.
3. Silver 10.5 30 35 105 984.46 Expensive
4. Cadmium Copper 8.89 90 1 1.5%* 90 972.22 Poor flex-life. No elongation
5. Cadmium Copper 35 20 90 972.22 No mechanical advantage
OVEr COppeET.
6. Alloy63 8.89 60 6 8 90 972.22 Best all around for finer AWG
7. Chrome Copper 8.89 58 6 8 84 1042.8 Good properties for fine AWG
8. Aluminum EC 27 25 1 1.5%* 61 436.24 Light weight; poor flex-life
and corrosion resistance.
9. Aluminum EC 12 15 61 436.24 Light, poor strength and
corrosion resistance.

10. Nickel-clad Copper 8.89 42 15 73 12327 Heavy nickel coating not
needed for ordinary corrosion
resistance.

11. Beryllium Copper 8.23 185 - 1 1.5%* 15 Conductivity degrades with
flexing.

12. Beryllium Copper 60 6 8 50 - Poor conductivity. No advan-
tage over Alloy 63.

13. Copper-covered Steel| 8.15 1lo - 1 1.5"" 40 2218.1 Poor flex-life/conductivity.

14. Copper-covered Steel | - 50 15 40 2218.1 Poor conductivity.

15. Copper-covered Steel | 8.15 127 - 1 15" 30 3108.4 Poor flex-life/conductivity.

16. Copper-covered Steel 55 15 30 3108.4 Poor conductivity

17. Aluminum 5056 2.64 60 - 1 15" 27 Poor flex-life/conductivity

18. Aluminum 5056 - 40 - 15 29 Poor conductivity-1t. wt.

19. Nickel 8.89 120 - 1 15" 18 - Poor flex-life/conductivity,
corrosion-resistant.
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TABLE 1-7 (CONT.)

Tensile Strength, Elongation, Ma.x .
. 107 psi %in 10% o Resistivity,
Specific Conductivity, | ohm-1b/mi?

Material Gravity | Hard Drawn | Annealed Min | Nom % IACS @ 20°C Comment

20. Nickel 60 20 18 Poor conductivity-
weldable.

21. Tin 73 3 2 30 60 15 Poor conductivity/
strength. Corrosion-
resisiant @low temps.

22. Steel Low Carbon 78 120 1 1.5%* 15 Poor flex-life/conductivity.
Magnetic

23. Steel Low Carbon 78 - 60 - 20 15 Poor conductivity
Magnetic

24, StainlessSteel 302 79 325 1 1.5%* 2.5 Poor flex-life/conductivity.
Magnetic

25. Stainless Steel 302 125 - 30 2.5 Poor conductivity. Non-
magnetic

* See applicable ASTM Specifications for minimum values.
It is not recommended that hard wire be used in constructions for electronic purposes.
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TABLE 1-8
STRANDING LAY LENGTHS—STRANDED CONDUCTORS
Stranded Diameter, Length of Lay,
Strand Diameter in. in.
AWG No. of Each Strand,
# Wires in. Min Max Min Max
0000 2109 0.0100 0.580 0.605 *5.24 8.47
000 1665 0.0100 0.515 0.540 *432 7.56
00 1330 0.0100 0.455 0.480 "384 6.72
0 1045 0.0100 0.405 0.425 *3.40 5.95
1 817 0.0100 0.360 0.380 *3.04 5.32
2 665 0.0100 0.320 0.340 *2.72 476
4 133 0.0179 0.250 0274 * 2.19 3.84
6 133 0.0142 0.192 0.217 *1.74 3.04
8 133 0.0113 0.157 0.173 *1.38 242
10 37 0.0159 0.103 0.114 *0.91 1.82
49 0.0142 0.118 0.128 1.02 1.79
12 37 0.0142 0.090 0.100 0.80 1.60
19 0.0179 0.083 0.092 0.74 1.47
37 0.0126 0.082 0.090 0.72 1.44
14 19 0.0142 0.066 0.073 0.58 1.17
16 19 0.0113 0.052 0.058 0.46 0.93
18 19 0.0100 0.046 0.051 0.41 0.82
16 0.0100 0.045 0.048 0.38 0.77
20 19 0.0080 0.037 0.041 0.33 0.66
7 0.0126 0.037 0.039 0.31 0.62
22 19 0.0063 0.029 0.033 0.26 0.54
7 0.0100 0.029 0.031 0.25 0.50
24 19 0.0050 0.023 0.026 0.21 0.42
7 0.0080 0.023 0.025 0.20 0.40
26 19 0.0040 0.019 0.021 0.17 0.34
7 0.0063 0.018 0.020 0.16 0.32
28 7 0.0050 0.0147 0.016 0.13 0.26
30 7 0.0040 0.0117 0.013 0.10 0.23

¥ Rope Strandings - Lay Lengths are a minimum of 8 times, and a maximum of 14 times,
the maximum stranded diameter. All other stranding lay lengths are
8 times minimum and 16 times maximum stranded diameter.
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CHAPTER 2

INSULATION MATERIALS

2—1 INTRODUCTION

Over the past thirty years or so, the complexity of
materials available for use as primary insulations and as
jackets or sheaths for wire and cable constructions has
vastly increased. The technology associated with the
application of these materials to wire and cable has
also become more sophisticated. This chapter, however,
is a presentation of only the salient characteristics of
the most prominent classes of insulation materials.

The thermal ratings and other characteristics
assigned to the materials hereinafter discussed are those
generally accepted by the military. Throughout the
chapter, tables and figures will be found which list
typical properties of the various insulating materials
under consideration. (Table 2-9 indicates the relative
costs of insulating materials.) The data herein should
not be utilized for specification limiting values because
appreciable variation from the given values may result
from varying wall thicknesses, conditions of processing,
and methods of testing.

2—2 THERMOPLASTIC
MATERIALS

INSULATION

The term ‘“‘thermoplastic” is applied to those
materials which repeatedly soften and become
formable or plastic with the application of heat. In the
application of thermoplastic materials as wire and cable
insulation and jacketing, advantage is taken of their
semi-fluid nature at elevated temperature to form them
around conductors or cable cores by means of
extrusion, without the need for curing.

Simply stated, the extrusion process consists of
feeding solid resin into a heated barrel in which turns a
worm or screw which forces the resin along the barrel.
As the resin picks up heat it melts into a viscous fluid.
The screw forces the molten plastic into the “head” on
the end of the barrel where it is formed into a tube.
The item to be covered is also introduced through the
head where it contacts the molten resin, and both are

drawn through a sizing die simultancously. The coated
wire or cable is then drawn through a water bath
which returns the plastic to its solid state. The coated
wire is wound on reels.

The thermoplastic resins most commonly used as
insulation and jacketing for wire and cable are
discussed in the paragraphs which follow. See Table 2-2.

2—21 POLYVINYLCHLORIDE

The terms “vinyl” or “PVC” are commonly applied
to polyvinylchloride resins.

Polyvinylchloride resins alone would be useless as
wire insulations even if they could be applied to wire.
They are extremely hard and rigid, and are subject to
autocatalytic degradation at temperatures required for
processing. Therefore, the resins must be compounded
with various ingredients in order to prepare useful
products. The compounding ingredients thus become
controlling factors in determining material propertics
for the finished vinyl formulation.

Compounds having temperature ratings from a low
of -65°C to a high of 105°C are available, although
unfortunately, no single compound is known which
can cover this range. Therefore, five typical compounds
have been selected which cover a wide range of
applications. Their typical properties are listed in Table
2-2.

With reference to the compounds shown in Table
2-2:

a. Compound 1 is a high-grade compound capable
of being used at temperatures up to 105°C as a
primary insulation for wires made to MIL-W-16878D
and NAS-702. It can also be used as a sheath over
shielded single and multiconductor cable configurations
not exceeding 0.250 in. in diameter.

b. Compound 2 is a “semi-rigid” compound utilized
as the primary insulation over small size conductors
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(approximately #20 AWG) and in thin walls (approx-
imately 0.010 in) for application as appliance
wire or instrument wire where small diameter
combined with insulation toughness is required.

¢. Compound 3 is a typical 80°C compound which
finds application as a primary insulation and jacketing
compound in wires and cables to such specifications as
MIL-W-76, MIL-C-11311, and MIL-C915.

d. Compound 4 is a typical extreme low
temperature compound utilized as a jacketing material
for =65°C environments. Its electrical properties are
generally considered to be insufficient for its use in

" primary insulations.

e. Compound 5 is the material widely used as a
“noncontaminating” jacket for MIL-C-17 cable
constructions. It is compounded with a special
nonliquid (nitrile rubber polymer) plasticizer which
will not migrate into the cable dielectric and thereby
affect its electrical parameters.

Vinyl compounds can be made which are fairly
resistant to embrittlement in hot oils, but all vinyls are
subject to swelling in ketones, chlorinated
hydrocarbons, and esters. They are generally resistant
to water and dilute acids and bases.

Nearly all vinyl compounds can be made to be
flame retardant. The dielectric properties of vinyl
compounds vary considerably with temperature and
signal frequency. They are not considered adequate for
use as primary insulations in applications requiring the
use of low loss dielectric materials.

2—-2.2 POLYOLEFINS

The term “polyolefin” relates to polymers similar to
paraffinic oils and waxes in their basic chemical
structure. The most important of the thermoplastic
polyolefins as regards insulating and jacketing materials
are polyethylene and polypropylene.

Polyethylene resins are generally classified by
density and are roughly grouped into three types:
low-density resins having a density of 0.910 to 0.925
g/ce, medium-density resins having a density of 0.926
to 0.940 g/cc, and high-density resins having a density
of 0.941 to 0.965 g/cc.

In general, such properties as stiffness, hardness,
tensile strength, abrasion resistance, diclectric constant,

2-2

and softening temperature increase with increasing
resin density; while such properties as clongation,
impact strength, and cold temperature flexibility
decrease with increasing resin density. Some of the
established applications for the polyolefins, together

with pertinent governing specifications, are listed in
Table 2—1.

Where the polyolefins are to be used in applications
which require exposure to sunlight, it has been found
necessary to add small amounts of carbon black to
protect the resin against ultraviolet degradation. These
compounds quite naturally have higher dielectric
constants and dissipation factors than the natural
resins. Indeed, it is generally true that the addition of
fillers to any of these resins, as for example, to impart
flame retardance or to reduce stress cracking, will
result in the sacrifice of some physical properties and
clectrical parameters.

2—-2.21 Lowdensity Polyethylene

Lowdensity polyethylene exhibits good fluid
resistance at room temperature. It also has very low
water absorption. Its general temperature rating is on
the order of -65” to 75°C. The upper temperature
limit is dictated by the softening of the resin as it
approaches its melting point of 97”7 to 110°C.
Low-density polyethylene is flammable, but it can be
compounded so as to be “flame-retardant” at some
sacrifice of physical and electrical properties.

The mechanical properties of low-density
polyethylene are not outstanding. Generally, where
mechanical abuse is anticipated on relatively
thin-walled hook-up wire constructions, a nylon jacket
or some other suitable outer covering is usually
recommended to improve abrasion and cut-through
resistance.

The electrical properties of low-density polyethylene
arc outstanding. It is a low loss material and is used as
the dielectric for many coaxial cables involving high
frequency applications. It exhibits good resistance to
breakdown under corona and is often used in high
voltage applications.

2-222 I_iggh-density Polyethylent

High-density polyethylene has chemical and
electrical properties similar to the low-density resins.
Its fluid resistance is somewhat better. Its melting
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TABLE 21

TYPICAL APPLICATION FOR POLYOLEFIN RESINS

Polyethylene, Medium-density
Polyecthylene, High-density

Polypropylene

Resin Application Specification
Polyethylene, Low-density Coaxial Cable Dielectric MILE-1 7; L-P-390
(WF-8 and CX-4245/G)
Hook-up Wire MIL-W-76

Multiconductor Cable

Field Wire (WD-1/TT)

Telephone Wire

Telephone Singles (WM-130A/U)

Telephone Wire (CX-11230( )/G)

MIL-C-13777; MIL-C-9135
MILE-1 3294

L-P-390

MIL€-55036

Pending

point is generally in the range of 1217 to 135°C. The
major difference between the two types lies in the
mechanical arca. High-density resins are harder, stiffer,
and better in abrasion and cut-through resistance than
the low-density resins. These resins are suitable for
jackets or sheaths since they have good resistance to
environmental degradation. Although the electrical
properties of high-density polyethylene are similar to
those of the low-density resins, the fact that its
dielectric constant is higher than that of low-density
polyethylene combined with the added stiffness of the
high-density resin  generally results in making it
impractical for use in coaxial cables involving heavy
insulation walls.

The chemical, physical, and clectrical properties of
medium-density resins, in general, can be regarded as
compromises between those of the high- and
low-density polyethylenes.

2-2.2.3 Polypropylene

Polypropylene has the lowest density of the
polyolefin resins, approximately 0.905 gjce. The
chemical and electrical properties of these resins are
similar to those of the polyethylenes. Tts flud
resistance is somewhat superior to the polyethylenes. It

is flammable, but flame-retardant grades have been
made available. Its melting point is on the order of
155° to 168°C. Its diclectric constant is somewhat
lower than that of low density polyethylene. The
primary difference between polypropylene and
polyethylene lies in their mechanical properties.
Polypropylene is even harder and stiffer than
high-density polyethylene. For this reason, its abrasion
and cut-through resistance is superior to the
high-density polyethylene resins. However, its use in
heavy-walled coaxial cable or sheathing material is
decidedly limited by its high degree of stiffness. One
other major drawback to the use of polypropylene is
its relatively poor low-temperature flexibility.

2—2.3 CROSS-LINKED POLYOLEFINS

Cross-linking is a term used to describe the process
wherein individual polymer molecules are tied together
to form a network structure. There are two ways to
cross-link polyolefins: (1) by irradiation, and (2) by
chemical means. The end effect of either method is the
creation of a three-dimensional network, or “gel”, of
the resin molecules. The cross-linked material no longer
has a true melting point. The effects of this
cross-linkage on the properties of the resins are:

a. The electrical properties are essentially
unchanged.

2-3
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TABLE 2-2

TYPICAL PROPERTIES OF THERMOPLASTIC MATERIALS

pvc * Polyethylene (Unfilled)
Resin Type
Compound 1 2 3 4 5 Low-density Medium-density Highdensity
Specific Gravity 135 1.38 1.37 1.21 1.20 0.920 0935 0.947
Ultimate Tensile Strength, psi 3000 4000 2400 2000 1800 2200 2500 3400
Ultimate Elongation, % 200 150 250 375 400 625 350 250
Volume Resistivity, ohm-cm 8x 105 | 8x10'3| 4x10'5 | 1x10*2 | 1x 10" 1x 10*7 1x10'7 1x 107
Dielectric Constant, 1kHz 5.0 48 57 6.0 6.0 225 229 232
Dissipation Factor, 1kHz 0.10 0.08 0.12 015 0.15 0.0002 0.0002 0.0002
Rated Max Temp. °C 105 80 80 60 60 75 —_ —_
Rated Min Temp, °C -40 -10 -40 65 55 -65 -65 65

* Refer to par. 2-2.1 for Detailed Compound Descriptions.

GZL-904 4OV



TABLE 2—2 (CONT.)

. Fluorocarbon Polyurcthane
IC{esm Type Polypropylene Nylon Jacketing
ompound (Unfilled) 610 TFE FEP CTFE VE-2 (Ether Type)
Specifie Gravity 0.902 1.08 2.18 2.16 2.16 1.76 1.25
Ultimate Tensile Strength, psi 5000 8000 3500 3000 5000 7000 6000
Ultimate Elongation, % 200 200 300 250 150 300 600
Volume Resistivity,ohm-cm 1x 107 1x10t* 1x 108 1x10*% | 1x 108 1x10" 2x 10'*
Diclectrie Constant, 1 kHz 222 4.5 2.0 2.1 2.3 8.0 7.5
Dissipation Factor, 1 kHz 0.0003 0.04 0.0002 0.0003 0.0023 0.019 0.060
Rated Mix Temp,"C e 105 260 175 135 135 75
Rated Min Temp,"C 10 -40 -65 -65 =65 -65 =55

S21-90L dONWV
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b. The chemical properties are enhanced as regards
oil resistance at elevated temperatures.

c. Certain mechanical properties are markedly
improved. The resins will not melt or drip even at
solder-iron temperatures. This does not mean that it
does not soften at these temperatures, only that the
gel structure introduced by cross-linking is such that
the resin will not melt or drip away.

The polyolefins cross-linked by irradiation may be
compounded to improve heat aging characteristics,
therefore, taking advantage of the increased flow
resistance so as to be rated at 110° to 135°C. The low
temperature properties are essentially unaffected by
cross-linking, so that the —65°C rating for polyethylene
still applies.

In general, only the polyethylene resins have been
successfully cross-linked commercially. Polypropylene
resins tend to embrittle when subjected to the
cross-linking processes.

As to the relative merits of chemical cross-linking
versus irradiation, it might be stated that although
irradiation is the more expensive process, it has the
advantages of:

a. Processing thin walls of insulation without danger
of deformation

h. Versatility
c. Better process control

. d. Freedom from contamination from peroxide
residues

Chemical cross-linking has been confined generally
to applications involving relatively heavy walls of
insulation in which electrical parameters, such as
diclectric constant and power factor, are not critical.

2—2.4 NYLON

The term “nylon” is applied to polyamide resins. In
wire and cable construction nylon is used almost
exclusively as a jacketing material. Its electrical
properties are generally adequate for 60-cycle service at
low voltages but it does absorb appreciable moisture,

even from the atmosphere, and for this reason it is not
suitable for primary insulation in critical applications.

Nylon is used in wire applications because of its
resistance to abrasion and cut-through and its excellent
resistance to hydraulic fluids including Skydrol. It is
the most inert to fungus of the thermoplastics. It finds
wide use as a protective jacket over polyvinylchloride
primary insulations in wire constructions, such as those
of MIL-W-5086 and MIL-W-16878D and over
polyethylene in constructions as typified in
MIL-C-13777E, MIL-W-76, and MIL-C-13294. Although
nylon is listed in the literature as “slow buming”, or
even as “self-extinguishing”, the fact remains that in
the relatively thin walls in which it is used as a
jacketing for wire, it must be considered flammable.

Nylon generally carries a high temperature rating of
105°C for continuous service. Its low temperature limit
is dependent upon the wall thickness and the diameter
of the construction. As both of these parameters
increase, the susceptibility to cracking or flexing at low
temperatures also increases. For this reason, nylon
fiber braid is substituted for extruded nylon on the
larger conductor sizes of most wire constructions. In
general, in order to achieve a ~S5°C rating, extruded
nylon jacketing is utilized in wall thicknesses less than
6 mils over construction, less than 0.150 in. in
diameter.

Although nylon has been utilized as a jacketing
material over small shielded wire constructions, it
should be pointed out that there is a tendency for
cracking of the nylon to occur when such
constructions are exposed to temperatures near the
upper rated limit of 105°C. The combination of the
drying effect, which reduces the elongation of the
nylon, together with the presence of the braided
metallic shield which provides points of stress
concentrations due to its relatively uneven surface, 1s
believed to be the cause for the development of cracks,
The wuse of a heat-sealed, tape-wrapped,
polyester/polyethylene jacket (see par. 2—6) to replace
extruded nylon is often recommended for this type of
construction.

Where nylon is to be exposed to considerable
outdoor weathering and sunlight, the addition of a
small amount of carbon black is recommended for
stabilization against embrittlement.



Table 2—2 shows some typical propertics for the
most widely used nylon resin, a “610” polymer
described by Type Il Grade E of MIL-M-20693. Other
nylon polymers and copolymers are utilized in wire
jacketing for specialty applications, but the 610

polymer is by far the most popular resin for electrical
applications because it absorbs appreciably less
moisture than other types.

2—3 FLUOROCARBONS

There are presently four fluorocarbon resins which
arc of importance as insulating and jacketing materials
for wire and cable: (1) polytetrafluorocthylene or
“TFE”, (2) a copolymer of tetrafluorocthylene and
perfluoropropylene or “FEP”, (3) a resin based upon
polychlorotrifluoroethylene or “CTFE”, and (4)
polyvinylidenefluoride or *“VE-2”. All of these resins
are nonflammable in the sense that they will not
support combustion. They are considered to be inert
to fungus. However, in many other properties these
resins are significantly different from each other as will
be noted in the ensuing discussion.

2-31 POLYTETRAFLUOROETHYLENE (TFE)}

TFE is probably the most widely utilized
fluorocarbon resin. It possesses unexcelled fluid
resistance and is attacked only by alkali metals and by
fluorine at high temperatures and pressures. TFE has

excellent thermal stability and a wide range of
operating temperatures, being rated for continuous

operation from -65° to +260°C. It is useful at
temperatures as low as-265°C and also for short time
exposures to temperatures as high as 320°C.

TFE does not possess particularly good mechanical
properties at room tempeature with regard to abrasion
resistance or cut-through resistance. However, TFE at
clevated temperatures, even up to 200°C, retains a
significant degree of mechanical strength. Even above
its melting point of 327°C, TFE exists as a remarkably
tough, form-stable gel which imparts to the resin the
ability to withstand contact with a hot solder iron
without damage.

The electrical propertics of TFE are also

outstanding. The dielectric constant is low and remains
stable over a wide range of temperatures and
frequencies. It is an extremely low loss material. It is
not suitable for high voltage applications because of its
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poor corona resistance in the presence of air or

oxygen, which limits its use to about 100-volt rms
constructions.

As might be expected, TFE finds wide application
in hook-up wire as specified in MIL-W-16878D and
MIL-W-22759, and in coaxial cable dielectrics and
jackets per MIL-C-17.

2—3.2 COPOLYMER OF TETRAFLUOROETHYLENE
AND PERFLUOROPROPYLENE (FEP)

The copolymer of tetrafluorocthylene and
perfluoropropylene (FEP) has fluid resistance
properties similar to those of TFE up to about 200°C.
It possesses excellent thermal aging properties.
However, because it does soften at lower temperatures
than TFE, becoming a melt at approximately 290°C,
the maximum temperature rating is generally accepted
to be 175°C. The low temperature properties of FEP
are similar to TFE and result in a-65°C rating.

The mechanical properties of FEP are similar to
TFE, but fall off with increasing temperature at a
faster rate than TFE. FEP will, of course, melt and
flow on contact with a hot solder iron.

The electrical properties of FEP are nearly identical
with TFE and remain constant over a wide range of

temperatures and frequencies. However, at frequencies
of around 2000 MHz and higher, FEP starts to exhibit
higher losses than TFE,

The primary differences between TFE and FEP lie
in the melting point phenomena. The fact that FEP
will melt into a fluid state permits its extrusion in a
manner similar to that employed for many
thermoplastic materials. TFE, since it “melts” into a
tough gel, cannot be melt-extruded and must be
paste-extruded and subsequently sintered at 327°C
using techniques approaching those of powder
metallurgy. Therefore, FEP becomes a somewhat more
versatile resin to process than TFE.

FEP finds application as primary insulation on
hook-up wires, typically specified in MIL-W-16878D,
and as jacketing over many shielded high-temperature
coaxial cables similar to those of MIL-C-17.

2-7
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2—-3.3 POLYCHLOROTRIFLUOROETHY LENE
(CTFE)

There s a series of polymers based upon
monochlorotrifluorocthylene. This resin, which is most
commonly utilized as primary insulations and jacketing
for wire and cable, has a melting point of
approximately 210°C. This CTFE resin is generally
rated for continuous service over a temperature range
of -65° to 135°C. Its uscful life falls off rapidly at
temperatures exceeding 135°C however, resulting in a
short term rating of 96 hours at 150°C.

The chemical resistance of CTFE is very good, but
not as universally excellent as TFE and FEP. CTFE
exhibits excellent resistance to a wide variety of acids,
bases, oils, and alcohols at room temperature. It is
swollen somewhat by halogenated solvents and some
oxygenated solvents (ketones, esters, ethers) and is
severely attacked by the hydrazines at mildly elevated
temperatures, by alkali metals, and by liquid halogens.

CTFE is a hard, tough material which imparts
excellent cut-through resistance and good abrasion
resistance to insulations fabricated from it.

The electrical properties of CTFE are excellent. It
has a high volume resistivity, a low dielectric constant,
and a good dissipation factor over a wide frequency
range. Like FEP and TFE, CTFE is not generally
useful as a high voltage insulation because it is
degraded under corona conditions.

CTFE is used as a jacketing material over small size
coaxial cables and as primary insulation on hook-up
wire made to MIL-W-12349. It also finds application as
primary insulation for hook-up wire in automatic wire
wrapping equipment.

2-3.4 POLYVINYLIDENEFLUORIDE (VF-2)

VF-2 is a relatively new polymer. The present resin
has a melting point of 171°C and is tentatively rated
for continuous use over a temperature range .of from
—-65"to 135°C. The relatively high temperature rating,
with relation to the melting point of VF-2, is made
possible by the unique retention of its physical
properties at elevated temperatures.

The chemical resistance of VF-2 is such that the

resin is resistant to attack or penctration by most
corrosive chemicals and organic solvents including

28

inorganic acids, oxidants, alkalics, halogens, and
hydrocarbons. Strongly polar solvents, such as
dimethylacetamide, tend to react with and embrittle
the resin.

VF-2 is a very hard material with high tensile
strength which results in insulations having excellent
cut-through resistance and good abrasion resistance.
The material is notch-sensitive, however, and some
drawbacks result when it is extruded over large,
rope-stranded conductors, in that a sharp blow will
cause the insulation to shatter. However, when used on
solid conductors, over other extruded insulations, or
on small gage, concentrically stranded conductors; the
notch-sensitivity of VF-2 does not appear to be a
handicap. VF-2 has the lowest specific gravity of the
fluorocarbon polymers.

The dielectric strength of VF-2 is excellent.
However, its diclectric constant and power factor are
quite high, and it is not to be recommended for high
frequency, low loss applications.

VF-2 can be cross-linked by irradiation so as to
impart a degree of resistance to flow at temperatures
above its normal melting point. In this form, it is used
as ajacketing for hook-up and air frame wire specified
in MIL-W-81044. The regular polymer is also adaptable
to uses as primary insulation for hook-up wire, and for
wire utilized in automatic wire-wrapping equipment.

Table 2--2 gives some typical properties of the
fluorocarbon polymers discussed above.

2—4 POLYURETHANES

2—4.1 PHYSICAL PROPERTIES

The thermoplastic polyurethane resins are unique in
that at room temperature they have the physical
properties of a very tough rubber, although they are
essentially true thermoplastic materials. These resins
have excellent tensile and elongation properties and
provide the toughest, most abrasion-resistant, jacketing
material presently available,

Polyurcthanes possess good resistance to most liquid
fuels and oils, but are attacked, and swollen or
dissolved, by halogenated solvents and a variety of
ketones, esters, and polar solvents. Some ester types
are subject to hydrolysis on water immersion, and,
although properly compounded polymers will be useful



for many years of continnous immersion in water at or
below room temperature, any potential application
involving continuous immersion in water at
temperatures exceeding S50°C should be carefully
evaluated.

2—4.2 THERMAL PROPERTIES

Polyurethane thermoplastics have not been assigned
specific thermal ratings, but indications are that a
continuous operating range of from -55° to 75°C is
realistic. The upper temperature limit is dictated by
the thermoplastic nature of these resins which soften
appreciably at temperatures of 100° to 120°C.

These resins have outstanding ozone resistance and
resistance to radiation damage. The electrical properties
of the polyurethane formulations are entirely adequate
for jacketing applications, but marginal for primary
insulations.

2—-4.3 USES

The polyurethane thermoplastics are used almost
exclusively as jacketing, typified by the requirements
specified in MIL-C-23020 for RG 264B/U.

In general, ether type urcthanes have superior
fungus and freeze resistance and hydrolytic stability to
ester types.

Some typical properties of a polyurethane
thermoplastic formulation are given in Table 2—2.

2-5 RUBBER

Rubbers are thermoset elastomers. This means that
the application of heat results in the formation of a
material which cannot be reformed or melted; it is
“set”. Hence, although these materials are extruded,
they are extruded cold, or only mildly heated, and
later subjected to a heating cycle which causes them to
“cross-link” or “vulcanize” into their familiar form.
Elastomers differ from other thermosetting
polymers — such as phenolics, epoxies, etc. —in that
they have the properties of being able to stretch and
retract rapidly, exhibit high strength and modules
while stretched, and recover on release of the stress.

As in the case with PVC insulating and jacketing
application, the Dbasic polymer is extensively
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compounded to impart specific properties pertinent to
the end-use of the finished product. The additives to
the eclastomer itself include fillers, plasticizers,
extrusion aids, vulcanizing agents, accelerators,
activators, antioxidants, and antiozonants. Finished
rubber compounds for wire and cable, then, may
contain as little as perhaps 20% actual clastomer to
perhaps as much as 90% elastomer, depending upon
desired properties and cost factors. It is obvious that a
considerable number of compounds having a wide
range of chemical, electrical, and physical properties
can be made from any given clastomer. Since this
handbook is not intended to be a treatise on the
compounding of elastomers, it will be confined to a
very general discussion of the salient properties of the
clastomeric polymers, together with some typical
properties of some of the compounds which find use
as wire and cable insulation or jacketing materials.

2-51 NATURAL RUBBER (POLYISOPRENE}

The physical properties of natural rmubber are
excellent and offer a wide range of compounding
possibilitiecs. Compounds with thermal ratings of from
-55"to 75°C can be prepared. The electrical properties
of specifically compounded natural rubber are good. It
is generally resistant to water, but its resistance to
liquid fuels and oils is inferior to some of the synthetic
clastomers. The heat aging, resistance to oxidation, and
ozone resistance are only fair. The current trends
appear to be toward using natural rubber only when it
offers price advantage over SBR clastomers, or when
some special end use seems to require its exceptional
high strength and resiliency.

Typical properties for natural rubber compounds are
shown in Table 2-3.

Natural mbber compounds have application as
primary insulations for power cables, portable cords,
multiconductor field cable, tinsel wire, and building
wire. It is used as jacketing over flexible cords and in
some heavy duty applications. The use of natural
rubber as insulation material is becoming obsolete,
especially in military applications, since synthetic
polyisoprenes can replace the natural polymer.

2-5.2 STYRENE-BUTADIENE RUBBERS

These copolymers are also known by the
designations GR-S, Buna S, and SBR. The most
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common monomer ratio is approximately 75/25
butadiene/styrene, but some copolymers of lower
styrene content (10-15%) are used for special
low-temperature compounds. Compounds with thermal
ratings of from -355” to 90°C can be prepared. The
clectrical properties of specifically compounded SBR
are good. It is superior to natural rubber in resistance
to aging, but somewhat inferior in general physical
properties. Its water and solvent resistance is generally
comparable to natural rubber.

Typical properties for SBR compounds are shown in
Table 2-3.

SBR compounds are used as primary insulation and
as jacketing in much the same arcas as natural rubber.
The deciding factors as to which is used are in the
majority of cases material cost and processing
considerations.

2-65.3 CHLOROPRENE RUBBER

These eclastomers are better known under their
commercial name of “Neoprene”™ (duPont).
Compounds made from these rubbers are generally
characterized by poorer electrical properties than
natural rubber, SBR, and butyl compounds; and,
therefore, their use as primary electrical insulations is
confined to noncritical applications.

However, the neoprenes have good weathering
properties, oil resistance, flame resistance, ozone
resistance, arid good mechanical toughness. This

combination of properties has led to its being currently
the most widely used jacketing material within its
temperature limitations. Specially compounded
neoprene formulations can be prepared which will
permit thermal ratings as low as-55°C, while other
formulations can be made which will permit thermal
ratings as high as 90°C.

Typical properties for neoprene compounds are
shown in Table 2-3,

The so called “arctic” (-55°C) neoprene compounds
are used specifically in multiconductor cable jackets to
MIL-C-13777, MIL-C-3432, and telephone drop wires.

2-5.4 BUTYL RUBBER

Buty] elastomers are copolymers of isobutylene and
small amounts of isoprene. Specifically compounded
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formulations have excellent electrical propertics and
can be used as primary insulations on high-voltage
power cables having voltage ratings in excess of 25,000
volts.

Butyl mbbers are characterized by generally
superior weathering and ozone resistance, low water
absorption, and good resistance to heat aging. They are
considerably inferior to neoprene in oil resistance.
Specific compounds can be prepared which can be
thermally rated as low as =55°C, and some others with
thermal ratings as high as 90°C. The mechanical
propertics of butyl are not as good as necoprene or
natural mubber, but can be made to be adequate for
many jacketing applications in which its excellent
ozone resistance and resistance to water absorption are
important factors. Butyl rubber is also utilized as a
multiconductor cable jacket on some ground support
cables for missiles fueled with nitrogen tetroxide and
the hydrazines because of its superiority to other
elastomers in its resistance to these chemicals.

Typical properties of butyl rubber compounds are
listed in Table 2-3.

2-5.5 SILICONE RUBBER

The silicone elastomers can be broadly divided into
three classifications. The first two are based upon
polymer differences which result in notable differences
in low-temperature propertics. Hence, one might be
designated as “standard” and the second as “extreme
low temperature”, for want of better designations. The
third class would be the fluorinated silicones. Silicones
have the widest thermal operating range of the
elastomers.

The “standard” elastomers are capable of being
compounded into formulations having thermal ratings
from a low of about -55°C to a high of 200°C.

The “extreme low temperature” elastomers remain
flexible at temperatures of -90°C, and possibly
somewhat lower without sacrifice of other properties,
but are more expensive.

The fluorinated silicone differs from the other two
grades primarily in its improved resistance to oils and
liquid fuels in which the other types are severcly
swollen. Its thermal ratings would be about the same
as the “standard” elastomers.
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TABLE 2-3
TYPICAL PROPERTIES OF ELASTOMERIC COMPOSITIONS
3ase Polymer Natural SBR Neoprene Butyl Silicone
Specific Gravity 1.3to0 1.7 1.15t0 1.55 1.4to 1.65 1.15t0 1.5 1.10to 1.55
Jltimate Tensile
Strength, psi 1500to 4000 | 800to 2500 1200to 2700( 500to 1500 500to 1500
Jltimate Elongation, % 300to 700 350 to 650 300 to 700 300 to 800 100to 600
ated Max Use Temp, "C 75 90 90 90 200
Rated Min Use Temp, "C =55 =55 =55 -55 -55t0 -100
Jolume Resistivity, ohm-cm | 10" to 10'5 | 10 to 10" [ 10" t0 103 [ 10" t0 106 1013 10 106
Jielectric Constant, 1kHz 33t05 35t05 5to7 32t05 29t03.5
Jissipation Factor, 1kHz 0.01 to 0.035 | 0.006 to 0.035 | 0.02 to 0.05 | 0.008 to 0.035 0.002 to 0.02
esistance to:
Water Absorption excellent excellent good excellent good
Oil and Gasoline poor poor good poor poor
Chlorinated Hydrocarbon | poor poor poor poor poor
Weathering poor poor good excellent excellent
Ozone poor fair good excellent excellent
Flame poor poor good poor fair
Radiation fair fair poor poor good
Notes

With the exception of the electrical properties, Table 2—3 shows typical propertics of both insulating and jacketing
compounds. The clectrical properties shown are typical of insulating compounds containing little or no carbon black,
but are not typical of many jacketing compounds which may contain varying amounts of black as reinforcing filler
which can produce considerable variation of electrical properties.
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TABLE 2—3 (CONT.)

Fluorinated Hypalon
Base Polymer Silicone (du Pont) EPR Fluorocarbon
Specific Gravity 1.4t0 1.8 1.35t0 1.7 12510 1.45 1.9t02.0
Ultimate Tensile
Strength, psi 500 to 1000 1200 to 2200 1000to 2500 1000 to 2000
Ultimate Elongation, % 100to 250 300 to 600 350 to 600 200 to 400
Rated Max Use Temp, °C 200 90 90 200
Rated Min Use Temp, °C -55 -55 -55 =30
Volume Resistivity, ohm-cm 102 t0 1014 1012 to 1014 1013 t0 1016 1012 to0 1014
Dielectric Constant, 1kHz 6t075 9to 1l 32t05 7t09
Dissipation Factor, 1kHz 0.03to 0.06 0.05 to 0.08 0.007 to 0.035 0.02t0 0.05
| Resistance to:
Water Absorption good good good good
Oil and Gasoline excellent good poor excellent
Chlorinated Hydrocarbon good poor poor excellent
Weathering excellent excellent excellent excellent
Ozone excellent excellent excellent excellent
Flame fair good poor good
Radiation good fair fair fair
Notes

With the exception of the electrical properties, Table 2—3 shows typical properties of both insulating and jacketing
compounds. The electrical propertics shown are typical of insulating compounds containing little or no carbon black,
but are not typical of many jacketing compounds which may contain varying amounts of black as reinforcing filler
which can produce considerable variation of electrical properties.
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All silicone clastomers are flammable, but their
unique structure is such that a nonconductive ash
remains after burning. If this ash is contained by a
glass braid, it will function as an insulator for short
time emergency use. This property has facilitated its
use in many military applications.

The mechanical properties of silicone elastomers are
not exceptional. Its abrasion resistance and cut-through
resistance is inferior to that of many of the other
elastomers.

The electrical properties of silicone rubber
compounds are very good. They can be compounded
to have a relatively low diclectric constant and
dissipation factor. Their ability to resist corona and
ozone is excellent. These propertics make silicone
rubber a wuseful high-voltage insulation where
temperature or flexibility requirements rule out the use
of butyl rubber or polycthylene.

Silicone rubber also possesses good ability to resist
radiation damage.

Properly compounded silicone rubbers have been
utilized in hook-up and interconnecting wires made to
MIL-W-8777 and MIL-W-16878D. They are also used as
primary insulation and jacketing to MIL-(2-2194 and
MIL-C-23206, power, control, and thermocouple cables
aboard nuclear-powered naval vessels. Another
application is that of primary insulation and jacketing
for ignition cable made in accordance with
MIL-C-3702.

Typical properties of silicone rubber compounds are
shown in Table 2-3.

2-5.6 CHLOROSULFONATED POLYETHYLENE

These elastomers are better known under the
trade-name, ‘'Hypalon'” (duPont). Compounds
formulated from these elastomers are characterized by
their excellent resistance to ozone, common oils, liquid
fuels, weathering, flame, and corona. Properly
compounded formulas have been prepared which
indicate a probable thermal range for continuous usage
from a low of -40°C to a high of 90°C, and possibly
to 105°C, in wire and cable applications. Special
compounding can reduce the low-temperature rating to
perhaps =55°C at some sacrifice in the high-temperature
rating.
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Hypalon vulcanizates have reasonably good physical
propertics, but are not particularly resilient. Their
electrical properties are adequate for low frequency
applications, but their high diclectric constant and
dissipation factor make them unsuitable for use as high
frequency dielectrics.

Hypalon compounds are finding application in
mining cable, power cable, motor lead and appliance
wiring, automotive ignition wire, and cord jacketing.

Typical properties of chlorosulfonated polyethylene
compounds are shown in Table 2—-3.

2-5.7 ETHYLENE PROPYLENE RUBBER

These elastomers are copolymers of ethylene and
propylene, or more recently, terpolymers of ethylene,
propylene, and a diene. The latter offers vulcanization
with more conventional curing systems.

Compounds made from these clastomers offer
excellent resistance to ozone and weathering, good
heat resistance, good low-temperature properties, and
good resilience. Specific compounds can be made
which appear to offer wire and cable applications
having thermal ratings from a low of about-55°C to a
high of 90°C.

Chemical resistance is generally good, but oil
resistance is poor. Electrical properties of specific
compounds are very good. It is expected that
compounds based on ethylene propylene rubber may
find application as primary insulation and sheathing for
power cables and flexible cords, in place of butyl
rubber.

Typical properties of ethylene propylene mbber
compounds are given in Table 2-3.

2-5.8 FLUOROCARBON RUBBER

The outstanding properties of properly compounded
fluorocarbon clastomers are its high temperature
resistance and its excellent oil resistance. Temperature
ratings for continuous service would appear to be
approximately-30°C to a high of 200°C.

The physical characteristics of compounds based
upon these elastomers are good. They have good
resistance to ozone and weathering.
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The electrical propertics are generally poor. The
compounds have a high diclectric constant and
dissipation factor.

The high cost of the fluorocarbon elastomers has
limited their use to specialty jacketing applications
requiring a combination of high temperature resistance,

good chemical resistance, and good mechanical
properties.
Typical properties of compounds based on

fluorocarbon elastomers are listed in Table 2— 3.
2—6 FILMS

Film can be defined as sheeting less than 10 mils in
thickness. In this paragraph only those films which are
used as primary insulations or as jacketing will be
considered. Normally, film insulations are used only
when processing factors make extruded insulation
impractical, as in the attainment of extremely thin
insulation walls, or in the instances where the film
material cannot be obtained in a form suitable for
extrusion. The principal reason for the use of films as
insulations is the reduction in size and weight where
the end-use requirements, in combination with the film
properties, permit the utilization of thinner walls than
can be achicved by extrusion.

The application of films, as wire insulation and
jacketing, is done by either spiral wrapping or
longitudinal wrapping of the film as a tape, followed
by some subsequent operation designed to hold the
wrap in place. Such an operation might consist of the
application of a coating from sohition of dispersion, an
overbraid of some suitable fiber, a thermoplastic or
elastomeric extruded jacket, or by heat-sealing. The
most desirable holding method, from the standpoint of
maintaining thin walls together with dielectric
integrity, is that of heat scaling.

In the paragraphs which follow, typical propertics
of those films most commonly considered suitable for
application as insulating materials for wire and cable
are presented. Typical properties of these films are
listed in Table 2—4.

2—6.1 CELLULOSICS

There are three principal types of film — cellulose
acetate, cellulose acetate butyrate, and cellulose
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triacetate — made from cellulose derivatives that have
had some use as wire insulation in low voltage,
noncritical applications when high humidity is not
encountered.

a. Cellulose Acetate is one of the first plastic films
to be used as an clectrical insulating tape. It has good
electrical properties and good physical properties. Its
resistance to aging makes it useful for continuous
operation over a temperature range of -30° to 60°C. It
is flammable. Cellulose acetate has been used as a film
insulation for lead wire and switchboard wiring.

b. Cellulose Acectate Butyrate has somewhat lower
water absorption than cellulose acetate. It has good
electrical properties and good physical properties. It
has good aging properties and can be considered useful
over a temperature range of -40° to 60°C. It is
somewhat softer and more flexible than cellulose
acetate. It is flammable. Cellulose acetate butyrate
films have been used as insulation for switchboard
hook-up wire.

c. Cellulose Triacetate also has good electrical and
physical properties. It is the most resistant to heat
distortion of this group of cellulosics and can be
considered to have a thermal operating range of -30°
to 75°C. It is flammable. Cellulose triacetate film has
been used as insulation for range wire and lead wire.

2—6.2 POLYESTERS

The polyester films utilized in the wire and cable
industry are based upon terephthalic ester resins. All of
these products are characterized by excellent physical
properties, good chemical resistance, good electrical
propertics, and a wide range of service temperatures
(-60°C to 150°C).

The most useful polyester film, as regards
applications for primary insulation and insulation over
shields, is a heatscalable composite film of
polyethylene and polyester. The composite, made from
1 mil polyester and 0.5 mil polyethylene, when
properly double-wrapped and heat-scaled (6-mil
nominal wall) results in an insulation of exceptional
mechanical toughness, abrasion resistance, cut-through
resistance, and puncture resistance. Long lengths of
both insulated conductors and shields have been made
and subjected to the "tank test" dielectric requirement
of MIL-W-16878D without failure.
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TABLE 24

TYPICAL PROPERTIES OF FILMS

General Type Cellulosic Polyester

Cellulose Celtolose Cellulose Polyester Polyester/Polyethylene,
Specific Compound Acetate Acetate-Butyrate Triacetate 1/0.5 mil
Specific Gravity 1.30 1.20 1.29 139 1.20
Ultimate Tensile Strength, psi 10,000 8,000 14,000 25,000 17,000
Ultimate Elongation, % 25 80 25 75 125
Volume Resistivity, ohm-cm 1 x 101 1 %10 1x10% 1 x10"7 2x 10V
Dielectric Constant, 1kHz 3.8 2.9 3.2 3.25 27
Dissipation Factor, 1kHz 0.020 0.015 0.016 0.005 0.003

S2l-90L JOWV
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TABLE 2-4 (CONT.)

General Type Fluorocarbon Polyimide

Specific Compound TFE FEP Kapton (du Pont)
Specific Gravity 22 2.15 142
Ultimate Tensile Strength, psi 3300 3000 20,000
Ultimate Elongation, % 300 300 70
Volume Resistivity ,ohm-cm 1x 108 1x 10" 1x 10"
Dielectric Constant, 1kHz 2.1 2.1 3.5
Dissipation Factor, 1kHz 0.0003 0.0003 0.003

2—6.3 FLUOROCARBONS

The fluorocarbon resins described in the paragraphs
on Thermoplastic Insulation Materials (pars. 2-2
through 2—2.4) arc also available in tape form and have
properties essentially the same as those given in those
paragraphs.

Of the group of fluorocarbons,
polytetrafluorocthylenc (TFE) is the resin most used in
tape form for insulating purposes. TFE tape is available
in several forms:

a. Cast Tape: This tape is usually required where
thicknesses from 0.25 mil to about 3 mils are involved.
These tapes are used for extremely thin-walled,
wrapped insulations where resistance to mechanical
damage is not a consideration in the end use of the
wire,

b. Skived Tape: This tape (literally shaved or skived
continuously from the surface of a cylindrical block of
molded TFE) is gencrally used where 5-to 10-mil tape
thicknesses are useful, as in the wrapped dielectric for
some large size coaxial cables.

¢. Unsintered Tape: This is a tape which can be
wrapped into place and sintered or fused at
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temperatures in excess of the resin melting point of
327°C. Unsintered tapes are most commonly used in
thicknesses of from 3 to 7 mils., They find wide use as
both primary wire insulation and as jacketing over
shields in a variety of applications and constructions.

2-6.4 POLYIMIDE

A new film, trade-named “Kapton” (duPont), made
from an aromatic polyimide resin has recently become
available. The film has good physical propertics,
excellent thermal properties, and good electrical
properties over a very wide temperature range. In an
aging test the film has an extrapolated life of 10 years
at 250°C, 1 year at 275°C, 1 month at 300°C, and
about 1 day at 400°C. It exhibits excellent cut-through
resistance at temperatures in excess of 250°C and
maintains its electrical properties at elevated
temperatures. It has excellent solvent resistance. It is
degraded by concentrated acids and alkalies, and has
relatively poor sunlight resistance in its present form.

For purposes of its use as primary insulation, heat
sealability would be required. The polyimide film itself
cannot be heat-scaled. However, composite films of
“polyimide” and FEP fluorocarbon resin are available
which can be heat-scaled. The resulting composite
insulation, combining properties of FEP and polyimide,



can properly be rated for service over 200°C, while
maintaining and even enhancing the electrical, physical,
and chemical resistance properties of the polyimide
film alone.

Properties of the composite films are dependent
upon the relative amounts of polyimide and FEP, and
can be approximated by calculating a weighted average
of the respective properties of cach.

2—7 FIBERS

The principal uses of fibers in the wire and cable
industry are in the form of protective coverings,
reinforcements, and fillers. They are usually applied by
serving or braiding, followed by a lacquer coating or
possibly by an extruded jacket of some material either
subsequent to, or in place of, the lacquer coating. See
MIL-E-572 for data on fibers.

Although extruded jackets offer far better
protection against fluid penetration and a greater
contribution to the overall dielectric strength of a wire
construction than do fiber braids, there are good
reasons for using the latter. First, fiber braids provide
wire constructions with a more flexible covering than
extruded jacketing, particularly on the larger wire sizes.
Second, in the case of braids utilizing glass yarns, some
degree of physical separation of adjacent conductors is
provided should the insulation be burned out in a fire,
thereby permitting low-voltage circuits to continue
functioning in critical situations. Finally, fiber braids
do mechanically reinforce and strengthen overall
constructions, particularly heavy-duty elastomeric cable
jackets, but also to some degree, even on small size,
jacketed hook-up wires such as type 3 of MIL-W-5086.

The characteristics of braided coverings are
dependent upon the combination of the properties of
the fiber and the lacquer or saturant. The contribution
of the fiber is one primarily of mechanical strength.
The function of the saturant is the impregnation of the
braided fibers in order to bond them together for
effective abrasion resistance and to minimize fraying
and wicking.

A brief description of some of the most commonly
used fibers and lacquers is given in the paragraphs
which follow. Typical propertics of the fibers to be
discussed are given in Table 2-5.
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2-71 COTTON

Cotton is a relatively strong and flexible fiber with
good abrasion resistance and resiliency. It is highly
water absorbent, and has poor fungus resistance unless
treated. [t is flammable. It has moderate heat
resistance. Cotton finds its principal application as a
reinforcement for eclastomeric jacketing typified in
MIL€-1 3777E.

2-7.2 RAYON

Rayon is a regenecrated cellulose. It is somewhat
lower in tensile strength than cotton, but has abrasion
resistance and resiliency similar to that of cotton. It is
not fungus-resistant unless treated. It is flammable. It
is less water absorbent than cotton. It has moderate
thermal capabilities, on the order of 80°C. Saponified
acetate rayon is commonly used.

2-7.3 NYLON

Nylon is a strong, tough fiber which has excelient
abrasion resistance. In fact, in combination with nylon
lacquer, it forms probably the best braid lacquer team
in this respect. Nylon is inert to fungus. Nylon is
flammable, but much slower burning than other
organic fibers. It has thermal properties which permit
its continuous use at 105°C. Nylon is widely used both
as a reinforcement for elastomeric jacketed cables and
as outer coverings for many wire constructions, such as
those specified in MIL-W-5086.

2-7.4 POLYESTER

The polyester most commonly utilized is a
polyethylene terephthalate resin. It possesses good
strength and abrasion resistance. It is flammable. It is
fungus-resistant. [ts thermal properties are sufficient to
permit its use as an outer covering in wire
constructions rated at 200°C, such as those of
MIL-W-8777.

2-7.5 GLASS

Glass fibers are very strong but brittle. Hence, their

abrasion resistance 1is relatively poor. The
nonflammability of glass is one of its major
characteristics. It is fungus inert. The thermal

capabilities of glass are’excelled only by those of some
of the ceramic fibers and asbestos. Glass is useful at
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temperatures up to about 320°C. Glass braids are
utilized in a number of wire constructions inchiding
MIL-W-5086, MIL-W-16878D, MIL-W-8777, and many
others too numerous to list.

2-7.6 CERAMIC

There is a growing number of ceramic fibers some
of which are reputed to have heat resistance to
temperatures of 1500 to 1700°C. However, only one
of these, a quartz fiber, has seen much application in
the wire and cable field. This quartz fiber is
characterized by being weak and brittle, thus requiring
relativeiy bulky yarns to obtain sufficient strength for
braiding. This fiber finds its principal application in the
so-called “fire-wall” wire of MIL-C-25038 where its
resistance to an 1100°C flame is required.

2-7.7 ASBESTOS

‘The asbestos fiber commonly used for electrical
applications is derived from the mineral, chrysotile,

principally composed of hydrous silicates of magnesia.

Individual fibers have extremely high tensile strength,
but are not amenable to a spinning process. Hence,
pure asbestos yarns are relatively weak and must be
quite bulky in order to be adaptable to braiding and
serving operations. Asbestos yarn is characterized by
poor mechanical propertics, but excellent thermal
properties, making it useful at temperatures up to
about 480°C. It is nonflammable. It is used for low
voltage applications in lead wire, range wire, appliance
wires and cords, apparatus cable, and thermocouple
leads.

2—7.8 FIBER COMBINATIONS

Of the many combinations of fibers that are
possible, only a few are commonly used. One example
is the combination of cotton with rayon, or nylon
with asbestos. The obvious reason for this latter
combination of fibers is to increase the physical
strength of the asbestos. Such combinations must be
derated thermally. Industrial practice relates the
thermal use, temperature to type and quantity, of
nonasbestos content. A second example is the
combination of polyester and glass. The obvious
compromise of properties is that of the abrasion
resistance of the polyester with the nonflammability of
glass.
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2-7.9 COATED FIBERS

Of the many possible coated yarns, those of glass
coated with polytetrafluoroethyiene (TFE) are
probably the most widely used. The fact the TFE
completely surrounds the fiber results in a finished
braid having improved abrasion resistance over that
resulting from applying TFE dispersion to a regular
glass braid. To obtain the ultimate properties of this
braid, it must be heated to the sintering temperature
of TFE to cause the resin particles to fuse together.
This, of course, limits its use to those constructions
capable of withstanding this processing temperature,
generally, TFE of the insulating resins. This fiber has
been widely used in hook-up wire constructions made
to MIL-W-7139.

2-8 LACQUERS

Lacquers are generally solutions of soluble polymers
or dispersions of insoluble polymers. Thus they are
applied to braids as liquids, dri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>